





Takao Kwan 


[Vol. 28, No. 3 


On the Adsorption of Carbon Monoxide on Platinum Catalyst 


By Takao KWAN 


(Received November 11, 1949) 


For elucidating the mechanism of contact 
catalysis it is necessary to have the informa- 
tion on the adsorbed state of the reactant. 
As regard to that of hydrogen on the metallic 
catalysts the conclusive evidence has been 
obtained by many workers for the existence of 
hydrogen atoms on the surface of catalyst. 
As to the adsorbed state of the other reactants, 
only a few data are available even with such 
simple molecule as carbon monoxide or carbon 
dioxide. 

Among these, carbon monoxide might be one 
of the most interesting reactant both from the 
fundamental and industrial points of view, 
because it yields by hydrogenation, and, not- 
withstanding the simple structure, it has such 
a variety of product at various conditions of 
the reaction as those of Fischer-Tropsch syn- 
thesis for hydrogenation, methanol synthesis 
ete. 

With regard to the former reaction Kodama 
and co-workers” proposed from the kinetic 
investigation that carbide was formed by the 
dissociation of carbon monoxide into carbon 
and oxygen atom in contradiction to Crax- 
ford. 

According to Beeck and co-workers“ who 
observed the relative amount of adsorption of 
various gases to that of carbon monoxide on 
nickel film found that the latter is twice as 
large as that of hydrogen, suggesting that carbon 
monoxide molecule as well as the dissociated 
hydrogen atom occupies one adsorption site on 
the surface or that carbon monoxide is ad- 
sorbed without dissociation. 

The present author has previously investigated 
the adsorption of hydrogen on reduced nickel, 
cobalt and platinum and concluded, having 
recourse to the statistical mechanical method, 
that each of metal atoms on the surface of 
catalyst is equally capable of adsorbing a 
dissociated hydrogen atom.‘#? Extending the 
latter conclusion it may be assumed that every 
metal atom at the catalyst surface behaves 
physically identical even in the case of carbon 
monoxide adsorption. ' 


(1) Matsumura, Kodama and Tarama, J. Ind. 
Chem. Soe. Japan, 4%, 42 (1940), 

(2) COraxford, Trans, Far. Soc., 35, 946 (1939). 

(3) Beeck, Smith and Wheelor, Proc. Roy. Soc., 
177, 64 (1940), 

(4) Kwan and Izu, “ Catalyst”, 4, 22; 44 (1948). 

Kwan, Jour. Res. Inst. Catalysis, Hokkaido 

Univ., Vol. 1, No. 2, 81 (1949). 


On the basis of the assumption the adsorbed 
state of carbon monoxide on platinum catalyst 
is investigated in the present work by the 
similar method by determining the adsorption 
isotherm with special precaution for the thermo- 
dynamical equilibrium. 


Materials and Experimental Procedure 


Carbon monoxide.—Carbon monoxide was pre- 
pared by dropping formic acid from a dropping 
funnel into an evacuated flask containing con- 
centrated sulfuric acid at 90°~100° and passed 
through a trap immersed in liquid air and then 
stored in a reservoir which was beforehand highly 
evacuated. 

Platinum black.—0.93 gram of platinum black 
once used for the hydrogen adsorption was used 
here again. 

The apparatus and the procedure for measure- 
ment of the adsorption was quite’ the same as 
those described in the foregoing paper.‘ 


Experimental Result 
Measured quantity of carbon monoxide was 


admitted into the reaction. vessel containing the 


platinum catalyst and maintained at a desired 
temperature. Although the adsorption rate 
was fairly rapid as in the case of hydrogen, 
the equilibrium pressure was determined about 
20 hours after admission by approaching both 
from desorption and adsorption sides similarly 
as in the previous case. Typical result is shown 
in Fig. 1 by the plots of the observed pressure 
against time elapsed along with occasionally 
varied temperature shown by annexed figures. 


26 
Time in hours 
Fig. 1.—Reversibility of carbon monoxide 
adsorption on platinum catalyst. 

After the equilibrium was thus attained and 
appropriate pressure read off additional por- 
tions of carbon monoxide were admitted suc- 
cessively into the reaction vessel and the 
corresponding equilibrium pressure were similar- 
ly determined in each case. The reversibility 
of the adsorption was assured over the whole 
range of adsorbed quantity although this was 
not the case with nickel or cobalt or iron at 
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a lower adsorbed quantity. 

Calculating now the adsorbed quantity from 
the equilibrium pressure and the known quan- 
tity of admitted gas, adsorption isotherms 


were worked out at 180°, 200°, 220°, 280° and 
300° and at pressures lower than 1mm. Hg. 
The result is shown in Fig. 2. 


-15 ’ -0-5 
log P (P, mm. Hg) 


Fig. 2.—Adsorption isotherm of carbon 
monoxide on platinum black. 


found to be 
adsorption 


The observed isotherms were 
expressed by the  Freundlich’s 
formulae as that, 


2=CP'™", n=27 
where z is the adsorbed quantity and P the 
equilibrium pressure. 

It was already reported that carbon mon- 
oxide decomposed readily into carbon and 
carbon dioxide in the presence of metallic 
catalysts, but it has not taken place in the 
present case as shown by the following control 
experiment. 

The U-tube connected directly to the reaction 
vessel and immersed into liquid air during the 
adsorption measurment was now dipped into 
an alcohol bath cooled at —80°. No pressure 
increase above that due to the relevant thermal 
expansion was observed, and it showed that 
the evolution of.carbon dioxide and hence the 
appropriate decomposition may be practically 
ignored in the present case. 

Differential heat of adsorption J& was 
derived from the usual expression, 


AE = es) 
or /s 


(5) Kwan and Izu, “Catalyst”, 5, 43 (1949). 
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separately from the isotherms at 280° and 300° 
on one hand and from those at 180°, 200° and 
220° on the other hand inasmuch as the 
catalyst was treated with hydrogen at 350° 
between the observation of the former group 
of isotherms and that of the latter one and 
such procedure is known liable by experience 
to disturb the reproducibility of the catalyst’s 
activity. The results are shown in Table 1. 


Table 1 
Heat of Adsorption of Carbon Monoxide on 
Platinum Catalyst (kcal./mole) 


x in ce. 
From iota ataeeltciae 
isotherms at 0.039 0.063 0.100 


200° and 300° 1l 1 10 
180°, 200° and 220° ll 11 10 


As shown in Table 1 ZE is affected neither 
by the temperature range at which it is deter- 
mined nor by z within the experimental error. 


Statistical Mechanical Treatment 


Adsorption isotherm of diatomic molecule § 
formed by atoms §; and 6, is statistical 
mechanically derived introducing a set of func- 
tion p,q and @ due to Horiuti® as follows: 


§(a) 
‘Me * ay (1-2) 
p 
Lm gi = q* (7) (12) 
1-20 ph po i 
where 8(a) denotes the molecule §, 8:(a) and 
6:(a) dissociated atoms respectively at the 
adsorbed state. 
At adsorption equilibrium we have that, 


p® = gh) (2+1) 


or p = pPrMybea (2-2) 


respectively for the case when 6 is undis- 
sociated at the adsorbed state. In the former 
case we have from Eqs. (1-1) and (2-1) as 
that, 
8(a) 
ae (3-1) 
1—0 p 
and in the latter as that, 
( fa) ) = q?1e ge ; (8-2) 
1—20 p 
Since p® is however denoted from its defini- 
tion as that, 
Q? kTQ 
p= = = (4) 
Né sg 
the partition 
are now ex- 


where P is the pressure and Q 
function, Eqs. (8-1) and (3-2) 
pressed respectively as that, 


(6) Horiuti, J. Res. Inst. Catalysis, Vol. 1, No. 
1, 8 (1948), 

(7) The @ must be equal because of the stoi- 
chiometrica] relation for 8; and 33, 
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6 gQoP 


1-6  kTQ 
fa) S quoegq?© P bes at 
(, a = kTQE 7 {(o*2) 


Eqs. (5-1) and (5-2). are further transformed 
in a suitable form for calculation respectively 
as that, 


(5-1) 


a log go 


> 4E (4) 
8¢a) 9” ar f 


@ RT 


Qo? hes 
0 


1—0 
6 \3 72 logq MO bx 
) = gM gq5™ ¢ or 


.1—20 


P 4e 


x @RT (6-2) 
Q,° 


where 


(22mkT )* 82*IkT 1 
h* sh? 


Q.§ = kT —¢ ir )—1e 3 
h; Planck constant, 

k; Boltzman constant, 

s; symmetry number, 

m, I andy; mass, moment of inertia and 
fundamental frequency of gaseous mole- 
cule 6. 

ia), gt and q function particular 
to the adsorbed state of 8(a), 8:(a) and 


i hiv; 
II (I—e~ 


ar) 


Se(a@) + 
’ 


q 


6:(a) denoted as qh = 


2ot+ hive 


1 
2 
xe kT etc. where y;/s are frequency 
of normal vibration at the adsorbed state. 
Taking now § = CO and assuming hy>kT 
in q's and hence 
; 2 tog Plog gM 
ge" or =1, gM qo*Me or 
=] 


the calculation of the covered fraction of the 
surface Ocaic. was carried out at 300° and at 
pressures ().01 and 0.1 mm. Hg using the 
observed heat of adsorption 11 kcal. mole and 
the following molecular constants of carbon 
monoxide molecule respectively for Eqs. (6-1) 
and (6-2). 


I = 14.87 x 10-” g. cm.? “® 
py = 2168.89 em.~}\ 


On the other hand the covered fraction of 
the surface @.»;. was determined from the ad- 
sorbed quantity and the surface area of the 
catalyst, assuming that every platinum atom 
on the surface was equally capable of adsorbing 
carbon or oxygen atom. 


(8) Sponer, “Molekulspektren”, Berlin 1936, 
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The particle size of platinum black estimated 
by the observation of the diffuseness of the 
Debye-Scherrer pattern of the electron diffrac- 
tion was found, as mentioned in the previous 
paper“, appreciably smaller than that given 
by B.E.T. method, although, in the case of 
nickel, the particle size estimated by either of 
the methods was found satisfactorily coincident 
with each other. Without inquiring into the 
above discrepancy Qo». was calculated on the 
basis of 280x10‘cm.?/g. or the particle size 
10 A., due to the electron diffraction method as 
well as of 14 x 10‘ cm.”/g. due to B.E. T. method 
assuming that 10% Pt atoms per square 
centimeter are capable of adsorbing each one 
carbon or oxygen atom. The results are shown 
together with those given by statistical mecha- 
nical calculation in Table 2. 


Table 2 
The Relation between the Equilibrium Pressure 
P and the Covered Fraction @.»s. OF @calc. 
4e =11 kcal./ mole. 


Equil. press. (mm.Hg) 
———$—$——I I, 


T = 300° C., 

0 Remark ‘ 
6.1 
10-11 

3x 10-6 


0.01 
10-3 


au ee (a) 
. 10-6 


COC (a)+O (a) 
Electron diffrac- 
tion 


B.E.T. 


$3x10-* 7x10-4 


Bods. 


6x 10-* 10-2 


As seen from Table 2, the assumption of 
adsorbed state of CO(a) fails in accounting for 
the experimental result, whereas the assump- 
tion of the dissociated state into C(a) and O(a) 
gives the calculated values which are somewhat 
in accord with the observed values. In the 
case of undissociated adsorption, different 
values should be obtained for @o»s, #ccording 
as carbon monoxide occupies one or two Pt 
atoms, but the fact gives little modification 
to the above conclusion. 

Conclusion is that carbon monoxide is ad- 
sorbed on platinum, being dissociated into 
carbon and oxygen atom. 


The present author wishes to express his 
sincere thanks to the Director of the Institute, 
J. Horiuti, for his kind and valuable direction 
on this work. The cost of this research has 
been defrayed from the Scientific Research 
Encouragement Grant from the Ministry of 
Education, to which the author’s thanks are 
due. 

The Research Institute for Catalysis, 
Hokkaido University, 
Sapporo 
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As reported hitherto the adsorption of gas 
on metallic catalysts at ordinary or higher 
temperature is in most cases very rapid initi- 
ally but slows down at later stage as referred 
to “secondary adsorption ”. 

This effect is frequently attributed to some 
physical process, such as the diffusion of gas 
along grain boundaries or solution into the 
lattice which governs observed rate at the 
stage. But the rate may equally be reduced 
by some other causes, for instance, the repul- 
sion between the adsorbed atoms or traces of 
impurities contaminating the surface, or the 
heterogeneity of the surface, i.e., some surface 
of lower rate of ‘adsorption. The present author 
actually observed‘? that in the case of reduced 
nickel the rate of adsorption was considerably 
influenced by traces of impurities such as the 
vapor of tap grease or of remaining oxide which 
could actually be removed by continuous reduc- 
tion for a long period at relatively high tem- 
perature. 

Copper powder, used for the adsorption of 
hydrogen revealing the above mentioned fea- 
tures of adsorption process, has usually been 
prepared by alternative oxydation and reduc- 
tion at the temperature lower than 200° : it 
is hence doubtiul if the reduction were complete 
or not. 

The latter question is further amplified by the 
experimental results that the adsorbed quan- 
tity of hydrogen per unit weight of the ca- 
talyst is exceptionally small, compared with 
that of other metals, in spite of exceptionally 
large heat of adsorption even exceeding 30kcal./ 
mole“*? which would definitely favor the op- 
posite effect as inferred from the consideration 
from the standpoint of statistical mechanics 
in the foregoing work. 

In consequence the adsorption of hydrogen 
on copper is observed giving special stress on 
the complete reduction of the adsorbent; the 
result is that on the contrary to the existing 
data as described below an exceptionally large 
quantity of hydrogen is adsorbed with a rate 


(1) Ward, Proc. Roy. Soc., 138, 506 (1931); 
Melville and Redeal, Proc. Roy. Soc., 158, 77(1936); 
lijima, Se. Pap. I. P.C. R. Vokyo, 22, 285 (1933); 
Morozov, Trans. Far. Soc., $1, 659 (1985). 

(2) Kwan, Journal of the Reseach Iust. for Ca- 
inlysis, Vol 1, No. 2, 81 (1949). 

(3) Ward, Proc. Roys Soc., 118, 506 (1981) ; 
Melville and Redeal, ibid , 158. 77 (1936): Beebe, 
Low, Wildner and Goldwasser, J. 4m. Chem. Soc., 


7, 2527 (1935). 
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proportional to hydrogen pressure without 
any slow stage at the later part as mentioned 


above. 


Experimental Procedure and Materials 


The apparatus and the procedure for measure- 
ment of adsorption is quite the same as reported 
in the previous paper. 

Copper.—Copper carbonate of “ Kojima Co,” 
was heated at 450° for 65 hours and two grams 
of resulting oxide were reduced at 400° under 
several cm.Hg hydrogen pressure, 

Hydrogen pressure decreased within first few 
hours but no more during the following one week. 
Throughout the latter period the catalyst was 
kept at the condition of reduction as described 
above but it was occasionally evacuated and 
supplied with fresh hydrogen several times, 

Five grams of “Kahlbaum’s reduced copper, 
extra fine” was similarly reduced as well as an- 
other sample for the adsorption measurement, 

In any case, copper was kept from grease or 
mercury vapor by means of liquid air trap, di- 
rectly attached to the reaction vessel. Copper 


‘thus prepared was evacuated at 400° for one hour 


before use, 

Hydrogen.—Electrolytic hydrogen was passed 
over platinized asbestos at 300° and then through 
a liquid air trap to remove the water vapor. 


Experimental Results 


Measured quantity of hydrogen gas was ad- 
mitted into the reaction vessel containing the 
copper catalyst, evacuated beforehand as des- 
cribed above and maintained at any desired 
temperature. 

The rate of adsorption was found considerably 
small even at the initial stage; for the pressure 
decrease it took two or three days below 300° 
to become measurable by McLeod gauge. The 
rate of hydrogen adsorption on Kojima’s copper 
as well as on Kahlbaums observed at 400°, 
350° and 300° is shown in Table 1 and Figure. 


Table | 


Rate of Hydrogen Adsorption on 
Kojima’s Copper 


T =300°C. P,=1.38x 10-' mm. Hg 
t, br. Px10-' mm. Hg k,mm.Hg/hr. 
4 54 0.0012 
21 1.20 0.00126 
438 1.038 0.00127 
66 0.89 0.00125 


mean 0.00125 


(4) Ward, Proc. Roy. Soc., 138, 506 (1931). 
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T =350°C, P,=1.6x10-—! mm. Hg 
t, hr. Px10-' mm.Hg k,mm.Hg/hr. 

4 1.48 0.0053 
18 0.91 0.0059 
27 0.68 0.0059 
40 0.50 0.0055 
45 0.45 0.0053 
60 0.22 0.0056 
mean 0.0056 


T =400°C, 4) = 1.46 x 10-' mm. Hg 
t, br. P=10-' mm.Hg k,mm.Hg/br. 
4 0.97 0.0193 
17 0.73 0.0185 
23 0.29 0.022 
28 0.11 0.022 
66 0.07 0.021 


mean 0.020 


Table 2 


Rate of Hydrogen Adsorption on 
Kahlbaum’s Copper 


T=350°C, P,=6.26x10-! mm.He 

t, hr. Px10-' mm. Hg 
14 4.50 
380 8.06 
38 2.50 
66 1.24 


0.0044 
0.0044 
0.0045 
0.0046 
mean 0.00447 


T =400°C, Py) =5.90 x 10-' mm. Hg 

t, hr. Px 10-' mm.Hg k,mm.Hg/hr. 
18 1.4 0.015 
24 1.0 0.014 
41 0.19 0.016 
45 0.12 0.016 
51 0.048 0.016 


mean 0.0155 


Time, hours 
Fig.—Rate of hydrogen adsorption. 


The first column of the table shows the time 
measured from the admission and the second 
one the pressure at the moment. fp is the 
initial pressure calculated from the knowledge 
of the admitted amount of gas and from that 


k,mm.Hg/hr. . 
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of the whole space preliminarily determined 
without catalyst. 

The third column shows constant k calculat- 
ed from the observed data according to the 
expression, 


derived from the proportionality of the adsorp- 
tion rate to the momentary pressure, ignoring 
the minute equilibrium pressure (<10-* mm.Hg 
at 400°) finitely attained, compared with the 
working pressure 10-'~10—-? mm.Hg. The as- 
sumed proportionality is verified satisfactorily 
by the constancy of k. 

It was shown that the measured pressure 
decrease was practically due to the adsorption 
and the solution of hydrogen into the bulk of 
the copper was negligible as calculated on the 
basis of the solubility data due to Sieverts”. 

From the rate constant at the different 


temperatures the heat of activation EH was cal- 
culated according to the usual expression that, 


llogk 
, dlo 
- 6 =21) keal./mole. 


E=RT- 
aT 


As regards to the adsorption equilibrium the 
following may be inferred from the observation 
although the direct measurement has not been 
carried out. 

Adsorbed quantity for unit weight of copper, 
which was calculated from the initial pressure 
and the lowest pressure attained at 400° shown 
in Table 2 and the volume of the apparatus, 
is about 0.1cc. N.T.P. per gram which gives 
the lower limit of adsorbed quantity at the 
condition, whereas the lowest observed pressure 
gives the upper limit to the equiliblum pressure. 
This figure of adsorbed quantity is however 
exceedingly larger than any existing data,\-*’ 
regardless of the higher temperature and the 
lower pressure in the present’ measurement, 
which favors the lower degree of adsorption. 

On the other hand the surface area of the 
copper powder employed was observed by B. 
E. T. method, being found to be so small as 
almost within experimental error. Estimating 
from the latter the upper limit of the surface 
area and assuming that each hydrogen mole- 
cule occupied two copper atoms the lower limit 
of the covered fraction @ of the surface was 
calculated from the above lower limit of ad- 
sorption at 0.2. 

From the upper limit of equilibrium pressure 
and the lower limit of @ at 400°, the lower 
limit of the heat of adsorption may be calcu- 
lated according to the statistical- mechanical 
expression Eq. (17) in the foregoing report that 


(5) Sieverts, Z. phys, Chem., 60, 129 (1927)- 
Pressure decrease as calculated by the data is 
only about 10-*mm.Hg at the temperature 4009 
and at the pressure 10-' mm.Hg. 
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4E>35 keal./mole. 


This figure is extremely larger than any data 
hitherto reported but it is in accord with that 
47 kcal. ® derived from spectroscopic data for 
dissociation energy of CuH. 

In conclusion, the present author wishes to 
express his sincere thanks to the Director of 
the Institute, J. Horiuti, for his kind and 
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valuable direction given to this work. The cost 
of this research has been defrayed from the 
Scientific Research Encouragement Grant from 
the Ministry of Education, to which the 
author’s thanks are due. 


(6) Sponer, “Molekulspectren,” Berlin (1935). 


The Research Institute for Catalysis, 
Hokkaido University, Sapporo 
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The chromium contents of volcanic rocks of 
both Japan and Manchuria were determined, 
and it was clarified that many of the Japanese 
basalts contain considerably smaller amounts of 
chromium compared with those of the Man- 
churian basalts. 

The chromium contents of several rock-forming 
minerals as well as the distribution of the element 
among them were also studied. 

Method for the Determination of Chro- 
mium.—For the determination of chromium, 
Sandell’s coiorimetric method‘? was adopted. 
Preliminary experiments were carried out in 
detail to examine the accuracy of the method. 

Results Obtained.—In order to study the 
geochemistry of chromium in Japanese volcanic 
rocks, the chromium contents of 27 basaltic 
rocks, 30 andesites, 183 dacites and 11 liparites 
(including 3 obsidians) were determined. Four- 
teen basalts from Manchuria, one specimen of 
German basalt occurred near GOttingen, 3 
granites from Japan and 3 composite samples 
of shales *' were also analyzed and the results 
were compared with those of Japanese volcanic 
rocks. 

Number of specimens containing less than 
0.0005, 0.0005 to 0.001, 0.001 to 0.005, 0.005 
to 0.01 and more than 0.01 % Cr.O3 in each 
rock-types are shown in Table 1. 

Eleven rock-forming minerals which were 
carefully separated from rocks .were .studied. 
The results are given in Table 2, together with 
the data obtained by E. Traeger. » 

Geochemical Dicussions. A. The Rela- 
tion between Chromium and Silica Con- 
tents of Rocks.—As indicated in Table 1, the 


(1) E.B. Sandell, Ind. Eng. Chem., Anal. Ed, 8, 
336 (1936). 

2) These composite samples were prepared by 
Dr. Noll and Prot. E. Minami. cf. Nachrichten von 


Gesellschaft uiss. Goettingen, 
Fachgr. 1V. 14, 155 (1935). 
(3) E, Traeger, Chemic 


math-phys. Klass. 


der. Erde, 9, 3286 (1935). 


Table 1 
Number of specimen contg. 
Group of 


samples less more 


than 0,0005~ 0.001~ 0,005~ than 
0.0005% 0,001 % 0.005% 0.0L % 0.01% 
Japanese 

basaltic 2 8 
rocks 
Japanese \ 

andesites f 

Japanese \ 

dacites f 

Japanese | 4; 

.liparites f 
7 0 

basalts 
German | 

basalts f 0 

Japanese | 4 

granites f ~ 

Composite 

sample of, 0 

shales J 


chromium content in volcanic rocks varies in 
very wide range. The chromium contents for 
the series of plutonic rocks given by V. M. 
Goldschmidt” are as follows: 

0.50% Cr.0, 

0.05 

0.01 

0.0008 

0.0001 


Peridotite 
Gabbro 
Diorote 
Granite 
Nepheline syenite 
In the present study the analogous relations 
are again recognized. Although it is recogniz- 
able that some basalts contain very little 
chromium, the element is generally concent- 
rated in basic rocks, and we find the tendency 
that the chromium content decreases as the 
acidity of rocks increases, and in the group of 
liparites all specimens contain only traces of 
chromium. 
In some basalts which showed higher chro- 
mium content, such as olivine basalt, Shodo- 
shima, picotites and other proper minerals of 


(4) V.M. Goldschmidt, J. Chem. Soc. 1987, 662. 




















Location Sepd. form Oliv. An, 
Nishigatake 
(Saga Pref.) basalt 0.048 0.44 
Hitotumegata 0.008 
olivine ¢ 
East Manch. nodules 0.019 
hy perth. 
Hakone andesite 
Haruna andesite 
Formosa andesite 
Hakone allivalite 0.009 
Oshima (Izu) An-ei lava 
Asama 0.04 


Oshima (Izu) dolerite 


Aziro (Izu) olivine-eucrite 0.U01 


by Traeger 0.2 
Figures are given in % Cr,.0,. 


chromium were detected by petrographers. The 
wide variation in chromium content seems to 
be closely connected with both the formation 
and the separation of these proper minerals in 
the course of magmatic fractional crystalliza- 
tion. 

B. Comparison of Japanese Basalts with 
those of Manchurian.—With one exception 
of leucocratic basalt (0.0005 % Cr.O.), all of 
the Manchurian basalts contain more than 0.01 
% Cr,03. Therefore the mean value of them 
is about three times that of Japanese basalts. 

German basalt that occurred near G6ttingen 
shows nearly the same value as the mean value 
of Manchurian basalts. ~ 

G. v. Hevesy, A. Merkel and K. Wuerstlin® 
gave 0.053 % Cr for the composite sample of 
igneous rocks, and their data are several times 
the mean value of Manchurian basalts. 

C. Distribution of Chromium among 
Rock-forming Minerals.—<As Table 2 shows, 

(5) G.v. Hevesy, A. Merkei and K. Wuerstlin, 
Z. anorg. allgem. Chem. 219, 192 (1984). 


Yoshimasa Hrrars, K6ji Nakanisu1 and Hideo Kixxawa 


Values given 0.02~ 0.02~ 
0. 


New Pterins (Xanthopterin-B, Leucopterin-B and a 6-Dehydroxy- 





Table 2 


Pyroxene 


En. COr-dio. pig. Hor. Mag. Plag. 


0.41 0.81 


none 


0.0009 
0.0027 


none 
0.005 0.017 


0.0027 









0,0Q2~ 
: 1~3 : 


mafic minerals are much more enriched with 
chromium than plagioclases. Among the mafic 
minerals, it seems that the chromium is con- 
centrated in the order of pyroxene, olivine and 
hornblende. 

D. It is remarkable that the composite 
samples of shales contain 0.0095 to 0.013 % 
Cr,0,. This value is almost the same as those 
of Japanese basaltic rocks. 


The author wishes to express his hearty 
thanks to Prof. Iwaji Iwasaki for his kind 
guidance. He also expresses his appreciation 
to Prof. Eiichi Minami, Dr. Hisashi Kuno and 
Mr. Yohachiro Okamoto, who were kind enough 
to send him many samples. 

The cost of this research has been defrayed 
from the Scientific Research Encouragement 
Grant from the Ministry of Education, to 
which the author’s thanks are due. 


Chemical Institute, Faculty of Science, 
Kyushu University, Fukuoka 


leucopterin” Derivative) Obtained from Bombyx moré (Silk Worm) 


According to Kikkawa™ and others, the 
1 4+ 5 
* Faculty of Science, “ A yyy 
Nagoya University. 3N ‘ 6 
** Sericultural Expe- az 
rimental Station, Take- 
toyo Branch. 


9 - 
Nx \y7' 
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various pigments of Bombyx mori (riborfiavin 
of the Malpighian tubes, urochrome, the eye-, 
epidermis-, egg- and red-excrement pigments) 
are derived from tryptophan through the com- 
mon precursor, +chromogen. +Chromogen 
corresponds to the so-called cn* substance’ ” 


(3) G. W. Beadle Genetics, 22, 587 (1937). 
(4) B. Ephrussi, Am. Nat., 72, 5 (1933). 
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of Drosophila melanogaster or hormone A of 
Ephestia-kiihniella®® and the resolution of its 
chemical nature is of great importance. In 
order to clarify the nature ” of this substance 
in the case of silk-worms, as well as to esta- 
blish this hypothesis, we are undertaking chemi- 
cal researches of the various pigments and + 
chromogen. The present paper deals with the 
epidermis pigments of normal and mutant 
types. 

Leucopterin- B.—400 larvae (normal type, 
China 108) in the fifth stage were dissected, the 
epidermis dried, powdered, treated four hours 
with ether in a modified Soxhlet apparatus, 
denatured with ethyl alcohol and the tissues 
extracted with 2400cc. of water. This was 
concentrated to 140 cc, and made acidic to 0.1N 
with hydrochloric acid. The crystals obtained 
by cooling this solution overnight in an ice- 
box, were submitted to the following procedure 
(Table 1). 

Table 1 


crystal 
| 3.2g. 
| (uric acid) 
washed| 
with 


—phenol 
layer 

crystals | ether 

250g. | ¢ 

sien | phenol added _ 
solution and 
extracted 
with water 
(50 ce. 2) 


aqueous 
layer 


—filtrate 
cooled washed 
20cc.. with 
} - crystal — 
1 litre of 
water 


concen- 
trated —uric 


acid 


_aqueous 
solution — 
This procedure was 
repeated 3-4 times, 
when the final aque- 
ous solution . pos- 
sessed a strong purple fiuorescence— 
and became negative to the Folin- 
Denis’ reaction for uric acid, 


concen- Leuco 
a ad 


trated ! pterin-B 


Leucopterin-B was likewise obtained from 
the mutants, “od” (“d-oily ”)“ and “lem” 
(“lemon-colored ”)©. A solution 
pterin-B at pH 7 possessed a strong purple 
It was soluble in water, alkali 


of leuco- 


fluorescence. 


(5) " E. Caspari, Arch. Entw.-mech.. 130, 353(1933). 
(6) A, Kiihn, E. Caspari and E. Plagge, Z. 
Nachr. ges. Wiss., 2, 1 (1935). 

(7). According to a private communication to 


Kikkawa from Dr. Beadle the structure of the 
substance (obtained from Calliphora) correspon- 
ding to +clromogen is reported to be 3-hydroxy- 
kynurenine. Furthermore, we (Hirata, Nakanishi 
and Kikkawa) have succeeded in isolating + 
chromogen from Bombyx mori in a crystalline 
state, 

(8) “od”: d-oily or distinct translucent, situa- 
ted on the locus 49.6 of the first chromosome. 

(9) “lem”: lemon-colored, situated on the 
locus 0.0 of the third chromosome, 
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and insciuble in alcohol, ether 
The ultra-violet 
The 


and phenol; 
and dilute hydrochloric acid. 
absorption spectrum is showh in Fig. 1. 


220 240 260 280 300 320 340 360 S80 400 
A(myz) 
1.—Ultraviolet absorption spectrum of 
leucopterin-B (in 0.1 N NaOH). Since 
the substance was unobtainable in a crys- 
talline state, the concentration of the 
solution was obscure and thus the extinc- 
tion coefficient could not be calculated. 


maximum located at 290my and 340 my in 
0.1 N sodium hydroxide, is not identical with 
the other known pterins. It begins to decom- 
pose from 250°. These natures suggested it to 
be a pterin. The name leucopterin-B was 
proposed; ‘the suffix B derived from Bombyx. 
The Folin-Denis’ reaction was negative. 

Uric Acid.—(See Table 1). Though the 
crystals were recrystallized seven times by dis- 
solving in 0.1 N sodium hydroxide and acidi- 
fying, a fluorescent substance (leucopterin- B) 
was still extracted by boiling in water. Never- 
theless, elementary analysis (C, H, N), ultra- 
violet absroption spectra, qualitative reactions 
and chemical behavior showed it to be uric 
acid. As pointed out by Jucci?™® uric acid 
seemed to exist as salt in the epidermis. When 
cooling the original boiling water extract, pre- 
cipitates appeared, which when ignited gave a 
residue which was identified as being calcium 
carbonate. This suggests that uric acid might 
probakly exist as a calcium salt. 

Xanthopterin- B.—It was reported in our 
previous paper“” that the yellow pigment from 
the mutant “lem ” was xanthopterin, notwith- 
standing the existence of some obscure points 
which remained to be clarified (such facts as 
the photolysis of the pigment). But further 
experiments have obliged us to revise this 
conception and the new xanthopterin-like sub- 


stance has been named xanthopterin-B, the 


(10) ©. Jucci, Proc. 6th, International Congress 
of Genetics, Vol. 1, (1932). 


“(11) +Y. Hirata, K. Nakanishi and H. Kikkawa, 
Science, im press, 
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suffix B coming from Bombyx. The extrac- 
tion was carried out in the dark to avoid 
photolysis. The ether-treated and denatured 
tissues, after being extracted with 350 cc. of 2 
N hydrochloric acid, were submitted to the 
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Fig. 2.—Ulraviolet absorption spectrum of 
xanthopterin-B (in 0.1.N NaOH). Since 
the substance was unobtainable in a crys- 
talline state, the concentration of the 
solution was obscure and thus the extinc- 
tion coefficient could not be calculated. 
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procedure previously stated when uric acid and 
leucopterin-B were obtained. The hydrochloric 
acid solution was extracted from the filtrate 
with 100 cc. phenol and re-extracted with 100 ce. 
water by means of the addition of ether. The 
aqueous solution was evaporated when a minute 
amount of yellow powder (xanthopterin-B) 
resulted. Xanthopterin-B was soluble in water, 
acid, alkali and phenol, and insoluble in 
ether. The ultraviolet absorption spectrum 
in 0.1 N sodium hydroxide (Fig. 2) has a band 
at 265 my and a-shoulder at about 350 mu, 
which is not identical with xanthopterin. 
Photolysis is described in the previous paper‘. 
The Folin- Denis’ reaction was slightly positive. 
It is to be noted that both leucopterin-B and 
xanthopterin-B are reduced reversibly by s80- 
dium hydrosulfite into a non-fluorescent leuco- 
derivative, which suggested the possibilities of 
these pterins to play a vitamin B; and B,-like 
role in the oxidation-reduction system of living 
cells, similar to those observed in the case 
of xanthopterin“” and fluorescyanin“®® (or 
ichtyopterin). 

Paper Chromatography of the Pterins.— 
(Table 2). The method described by Good and 


» 


One-dimensional Paper Chromatography of Various Extracts and Pterins 


Decompd. Decompd. 


product 
of 
xantho. 


Name of 


substance Leucopt. 


Color of 

fluorescence 

Rr value 

Silk worm 

normal 

* 1m” 

“lem” (photolysis) 

“odd” 

Butterfly 

Pieris rapae 
crucivora B 

Eurema laeta B 

Eurema laeta B 
(photolysis) 

Xanthopterin 

Ichtyopterin or 
fluorescyanin 
(Cyprinus carpio L) 

Pyrrol-chrome 
(Rana nigromaculata) 


pale- 
blue 


0.12 0.26 


bright-blue 


0.24 (light blue) +* 


product 
of 
xantho. 


Leuco.B Xantho. Xantho. B 


sky-blue yellowgreen 


0.41 


purple 
0.33 


blue 


0.30 0.50 


+* 


0.40 (blue) 0.47 (blue) 


* The Rr values merely coincided with leucopterin-B but the substances were not identical. 


(12) W. Koschara and H. Haug, Z. physiol. 
Chem, 259, 97 (1989). 

(18) R. G. Busnel, F. Chauchard, H. Mazone, 
M. Pesson and M. Polonovski, Compt. rend, Soc. 
Biol., 187, 594 (1943). 

(14) P. M. Good and A. W. Johnson, Nature, 
168, 31 (1949), 

(15) Partridge, Biochem. J.A2, 238 (1945), 


Johnson“ was employed, using the butyl 
alcohol-acetic acid mixture of Partridge,“ and 
characteristic fluorescence for location of the 
individual pterins. The following general meth- 
od was employed for preparing the samples : 
the denatured tissues were extracted with 
boiling water, ammonium sulfate added, the 
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precipitate discarded, pigment extracted into 
liquid phenol and returned to water by the 
addition of ether. In case of silk-worms, the 
separated pure pigments were employed as well. 
The scales of a carp (Cyprinus carpio L) were 
used as an ichtyopterin®® (or fluorescyanin“”?) 
source. Xanthopterin was received from Dr. 
E. L. Rickes, Merck and Co., Inc., and pyrrol- 
chrome®® from Dr. T. Goda, the University 
of Tokyo, to which we are greatly thankfull. 

Though ichtyopterin (fluorescyanin) and leu- 
copterin-B possessed the same Rr values (0.33), 
the two differed with respect to ultraviolet 
absorption spectrum and the change of fluore- 
scence accompanying the change in pH (men- 
tioned below). The purple fluorescent pigment 
found in Pierids seemed to be identical with 
ichtyopterin (from Rr value and fluorescence 
behavior). 

Pyrrol-chrome“®, a fluorescent and reducing 
material obtained from the dorsal skin of the 
frog, Rana nigromaculata, gave a similar spot 
besides three other spots. The chemical nature 
of pyrrol-chrome is obscure, but this fact in- 
dicated the possibility of some relationship 
with the other pterins. 

As stated by Becker and Schépf“™, and Good 
and Johnson,“ the nature of the blue spot at 
0.30 is obscure. When a 0.1 N sodium bydrox- 
ide solution was dropped on this spot, the 
fluorescence changed into a greenish tone, 
whilst that of the spots at 0.26 and 0.33 faded 
out under similar treatments: this indicated in 
a simple manner, the unidentity of these spots. 

Fluorescence. ‘a) Leucopterin-B.— The 
fluorescence was the strongest at pH 4-8(Table 3). 
mediums and in acetic acid. 


Table 3 


Fluorescence of Leucopterin-B and Ichtyopterin 
pH1.6 pH2.8 pH pH9.6 pH12.6 
(HCl) (AcOH) 7.0 (NH,OH) (NaOH) 
Leuco- \ purple- purple- 
pterin-Bj feeble purple blue , blue blue 
Ichtyo- purple- pale- pale- 
pterin* blue i blue blue 
* The purple fluorescent substance in the 


extracts of Pierids also behaved similar to 
ichtyopterin. 


\ feeble purple 


The change of fluorescence observed for the 
purple fluorescent materical in pyrrol-chrome 
was rather akin to ichtyopterin than to leu- 
copterin-B. 

(b) Xanthopterin-B.—It behaved similar to 
xanthopterin, in acidic, alkaline and neutral 


Rn R, Hittel and G, Sprengling, Ann. 554, 69 
(1943). 

_(17) M. Polonoyski, R. G. Busnel and M. Pesson, 
Compt. rend, Acad. Sci., 217, 163 (1943). 
; (18) T. Goda, J. Fae, Sci., Imp. Univ. Tokyo, 
Section IV, 5, 305 (1941), 

(19) Becker and Schdpf, Ann., 524, 49, 124(1936). 
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With the mutant “od”, the fluorescence of 
the extracts as well as the spot on the paper 
chromatogram were feeble, and the amount of 
uric acid also very small. These explain the 
transparency of the skin of this mutant. 

A Crystalline 6-Dehydroxy-leucopterin“® 
Derivative-—We had unfortunately missed to 
record the exact species of this characteristic 
silk-worm, which at first seemed to belong to 
the normal white types, and were thus unable 
to obtain this material for the second time, 
in spite of many repeated extraction proce- 
dures. Thus its presence suggested the possible 
existence of white mutants which aré passed 
over due to their similar external aspects. 

The boiling water extract of 50 larvae was 
acidified and cooled when crystals (uric acid) 
and white powder were obtained. The white 
powder was boiled with 2N hydrochloric acid, 
dissolved and the solution cooled, upon which 
a considerable amount of colorless pilates pre- 
cipitated. This was recrystallized from the same 
solvent and the following natures were observed. 
The solid crystal (decomposition point: over 
270°) had a purple fluorescence, and formed 
yellow sodium and ammonium salts, the solu- 
tion possessing a green or light bluish fluores- 
cence. The yellow alkali solution (0.1%) faded 
out: into a colorless solution when left for a 
day, It gave a positive murexide test, and 
Folin- Denis’ reaction, and dissolved in fuming 
hydroiodic acid with the precipitation of iodine. 

On dilution of the solution, the iodine was 
reduced and the pterin reprecipitated. These 
natures were identical with those described for 
isoxanthopterin but the ultra-violet absorption 
spectrum (Fig. 8) was not identical, the max- 





386 400 420 440 460 480 


A(m sp) 


320 340 460 
3.—Ultraviolet absorption spectrum of 
the 6-dehydroxy-leucopterin derivative 
(in 0.1 N NaOH). d: lenght of tube 
concentration: 0.19 


Fig. 


imum being located at 390my, as compared 
with the values 252 my and 340 my for iso- 
xanthopterin’®. But the behavior with hydro- 
iodic acid indicated this pterin to be a deriva- 
tive of 6-dehydroxy-leucopterin. The sus- 
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pension in acetic anhydride was clarified by the 
addition of sulfuric acid, which demonstrated 
the presence of a hydroxyl group. 

Summary.—Chemical researches on the epi- 
dermis pigments of a normal type (China 108) 
and mutants (“‘lem” and “od”) of Bombyx 
mori have been carried out in order to eluci- 
date the tryptophan metabolism. Besides uric 
acid as its calcium salt (which was commonly 
distributed), the following three new pterins 
were obtained from the respective races: 

(a) Normal type: leucopterin-B, leucopterin. 

(b} Mutant “lem”: leucopterin-B, xanth- 

opterin-B and leucopterin. 
(c) Mutant “od”: leucopterin-B, leucopterin. 
(d)- Unidentified white race: 6-dehydroxy- 
leucopterin derivative. 

Leucopterin-B and ichtyopterin, xanthopterin- 
B and xanthopterin, the 6-dehydroxy-leuco- 
pterin derivative and isoxanthopterin, respec- 
tively, showed many superficial similarities but 
differed in their ultraviolet absorption spectrum 
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and several other natures. The pterin nature 
of the epidermis pigments being established, 
we have acquired a new information related to 
tryptophan metabolism and -+-chromogen. 


In conclusion the authors wish to acknow- 
ledge their indebtedness to Prof. F. Egami for 
his advices and encouragements given in the 
course of this work and Prof. K. Yamasaki and 
Mr. K. Sone for the measurement of the ultra- 
violet absorption spectrum. We also gratefully 
acknowledge the precious gifts from Drs. E.L, 
Rickes and T. Goda. The advices given by Dr. 
T. Hama, the University of Tokyo, have also 
benefited us a great deal. The cost of this 
research has been defrayed from the Scientific 
Research Encouragement Grant from the 
Ministry of Education, to which the authors’ 
thanks are due. 


Faculty of Science, Nagoya University, Nagoya 
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Introduction 


It is well kown that the crystal of penta- 
erythritol, C(CH.OH),, shows a phase transition 
accompanying a change of the lattice form at 
about 180°. The crystal structures of low and 
high temperature modifications of this crystal 
have been determined by Nitta and Watanabe,‘” 
and others.? According to their reports the 
tetragonal form at room temperatures has a 
layer structure and in each layer molecules are 
bound by hydrogen bonds with each other, 
while in the cubic form at above 180° oxygen 
atoms in the molecule take statistical posi- 
tions. 

Since the nature of the phase transition of 
pentaerythritol and the accompanying changes 
in intermolecular and atomic binding will largely 
depend on the existence of hydrogen bond, it 
seems of interést to know the thermal behavior 
of this substance at the transitional range. 
We performed, therefore, specific heat mea- 
surements for this crystal. There are, however, 
some difficulties in the experimentation with 
this crystal. First, the complete purification 
of the specimen is very difficult, so that we 


(1) I. Nitta and T. Watanabe, Na‘ure, 140, 365, 
(1937); This Bulletin, 63, 28-35, (1933), 

(2) F. J. Liewellyn, E.G. Cox and T. H. 
Goodwin, J.Chem. Soc., 1987, 883. 


can not expect to obtain accurate experimental 
data corresponding to that of the. pure sub- 
stance. Furthermore, the heat measurement 
is considerably disturbed by the fact that this 
crystal holds a very large transition energy and 
a high sublimation pressure. On account of 
these obstructions we could not obtain accurate 
data, but the obtained result as described below 
may be sufficient to show the general trend of 
the phenomenon. 


Measurement of the Specific Heat, and 
Calculations of the Heat of Transition 
and of Fusion, and the Corresponding 
Entropy Change 


We used the apparatus which has been reported 
by Takagi and one of the authors“? The 
sample for the specific heat measurement was 
put into a vessel made of pyrex (Fig. 1). 
The heat given to the specimen was generally 
in the range of 1/100~1. 5/100 cal./g.sec., and 
the velocity of temperature rise, at the range 
corresponding to the normal specific heat, was 
about 40~60 sec./deg. The weight of speci- 
mens was in the order of 10¢. 

Fig. 2 shows the “ specific heat-temperature 


, 


curve”. The anomaly at about 180° corre- 


(83) S. Nagasaki and Y. Takagi, J. App!. Phys. 
Jap., 17, No. 5, 104 (1943), 
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On the Phase Transition of 


sponds to the tran- 
sition of the crystal 
form from a tetra- 
gonal structure to 
a cubic one, and 
a peak at about 
260° corresponds to 
melting. Above the 
melting tempera- 
ture the curve 
rises again, owing 
to the vaporization 
of the substance, 
In order to avoid 
the influence of 
the sublimation of 
the specimen, we 
also performed the 
measurement with 
the sample sealed 
in the vessel. These 
results are shown 
in Figs. 3, 4. In 
these diagrams the 
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Fig. 4. 

dotted lines showing the cooling curves are 
indicated by an arbitrary scale. The broken 
lines are the reheating curves. In Fig. 4, it 
should be noted that in cooling and reheating 
processes there does not eppear the latent heat 
of crystallization, or that of fusion. From 


these curves we calculated the heat of transi- 
tion and of fusion, and the corresponding 
entropy changes, which are shown in Table 1. 


Table lL 
a b 
184°C, 184°C, 
$.4 kcal/mole 6,2 kcal./mole 
6.5R 


Transition point 
AE trans. 
“AS trans. 
Melting point 
SE melt 1.3 kcal./ mole 
4S melt. 1.3 R 
4E—energy change 
4S—entropy change 
a: data from the normal curve 
b: from the anomalous reheating curve 


Measurement of the Heat of 
Sublimation 


In Fig. 2 we see that above the melting point 
the curve shows an anomalous rise. This phenom- 
enon may be due to the vaporization of the 
sample. A direct measurement of the heat of 
vaporization is also possible by the method 
similar to the specific heat measurement, if we 
use a vessel of a copper block as indicated 
Fig. 5, and fill the upper cavity of the vessel 

with the sample. 
The vapor, evapo- 
rated from the 
sample at above 
260°, is exhausted 
little by little by use 
of a vacuum pump. 
Obtained result is 
given in Fig. 6. 
In this figure the 
dotted line corre- 
sponds to the con- 


Fig. 5.— Copper vessel. tribution due to the 
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cal,/mol. deg. 


copper vessel. The heat of vaporization can 
be estimated by the procedure of the calcula- 
tion, just the same as that of the heat of 
transition. A mean value of the several 
measurements is about 22 kcal./mole. Using 
this value, the heat of transition and the heat 
of fusion, we can estimate the heat of subli- 
mation of this crystal in the state of low or 
high temperature modification. 

Now we will offer a discussion of the obtained 
. results in the last section. 

Discussion of the Results 

By Fig. 2 and Table 1a, we know the 
general nature of the specific heat curve and 
the values of the energy and entropy changes 


corresponding to the respettive phase changes. 
We shall first discuss the heat of lattice tran- 


sition and of fusion. Though the transition 
energy, Owing to the change of crystal form, 
is large in value compared with that of many 
other substances, it is still too small to destroy 
all the hydrogen bonds existing in this crystal, 
because the bond energy of O—H---O is about 
6.2 kcal./mole®? for methyl or ethyl alcohol, 
and pentaerythritol includes four hydrogen 
bonds in one molecule. This fact seems to mean 
that all of OH radicals in the high tempera- 
ture cubic modification are not “rotating” 
freely. This conclusion has been confirmed by 
X-ray analysis. It is also noted that the 
transition energy is several times greater than 
the heat of fusion, which is probably indicative 
of the fact that the crystal structure of the 
cubic form somewhat resembles the structure 
of the liquid state. 

The great value of transition energy seems 
to mean that the phase transition of this 
crystal is related to the breaking of some 
hydrogen bonds. The observed value 8.4 kcal./ 
mole agrees with the energy required to cut 
one hydrogen bond per molecule. We can 
expect, therefore, that pentaerythritol is con- 
taining some free OH ratlicals, not only in the 
liquid state but also in the high temperature 


(4) L. Pauling, “ Nature of the Chemical Bond,” 
p. 304, 
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crystal form. According to the result of the 
crystal analysis, the hydrogen bonds are ar- 
ranged in two-dimentional layers in the struc- 
ture of low temperature form. On the other 
hand, in the high temperature form, which is 
the cubic crystal, the three axial directions are 
equivalent to each other, so that the hydrogen 
bonds should form a three dimentional net- 
work. From the above consideration we can 
assume that in the high temperature cubic 
form there are only three hydrogen bonds per 
molecule, which are statistically arranged in a 
three dimentional way. We may also expect 
the behavior of the hydrogen bond in the 
liquid state to be similar to that in the cubic 
crystal form. 

To ascertain the above ‘conclusion, some 
experiments, such as the measurement of infra- 
ted absorption and observation of Raman 
effect, may be performed. Especially, the X- 
ray investigation of the diffuse scattering by 
using a single crystal of this substance may be 
important. However there are some difficulties 
in the experiment, since this crystal has a large 
thermal expansion coefficient, and therefore we 
can not easily obtain the single crystal of the 
high temperature form. 

In the preceding section we stated that the 
heat of sublimation at room temperatures can 
be estimated as the total sum of the heat of 
transition, fusion and vaporization. The 
value obtained by this procedure is about 32 
kcal./mole, and it is considered to contain the 
energy required to destroy all the hydrogen 
bonds. If we estimate this energy by using a 
value obtained from the other simple alcohol,‘ 
it is about 25kcal./mole. The difference of 
these values may be due to the contribution 
of the van der Waals energy of lattice. Ac- 
cording to the latest publication® the heat of 
sublimation of this crystal, determined by the 
method of vapor pressure measurement, is 
31.42+0.2 kcal./mole at 120°, and it is in harmony 
with the result of our direct measurement. 

We observed a fact difficult to explain well. 
Namely, when we cool the sample from above 
the melting temperature, the cooling curve 
(dotted line in Fig. 4) shows no clear latent 
heat of crystallization. The reheating curve 
(broken line) is also similar to this, and the 
transition energy calculated from the latter 
curve is exceedingly smaller than that from 
the normal curve (Table 1b). That is to say, 
the substance, which has once been heated 
above the melting temperature, does not com- 
pletely return to the initial state when it cools. 
This peculiarity may be explained by the con- 
sideration that the sample polymerizes partly, 

(5) L Nitta, S. Seki and K. Suzuki, unpublished 


yet, reported at the Meeting of the Chemical Society 
of Japan held at Osaka on 19th Nov. 1949, 
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or it becomes glassy. However, it is neccessary 
to make a deeper study, in order to give a 
conclusive éxplanation for this point. 


In conclusion we wish to expre8s our sincere 
thanks to Prof. I. Nitta, who kindly gave us 
the sample, and to M. Momodani for his valu- 
able advice. This investigation was done 


throughout under the kind guidance of Prof. 
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Y. Takagi, to whom the authors express also 
their best thanks. The cost of this research 
has been defrayed from the Scientific Research 
Encouragement Grant from the Ministry of 
Education, to which the authors’ thanks are 
due. 
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On the Positions of the Hydrogen Atoms in the Crystal 
Structure of Muscovite, as Revealed by the 
Infra-Red Absorption Study 


Introduction 


While studying the near infra-red absorptions 
of proteins and related substances mounted on 
thin cleavage pieces of muscovite, the writer’s 
attention was called to the facts that musco- 
vite shows a sharp and strong absorption band 
at the wave-length 2.75, which was later 
ascertained to be due to the OH groups in its 
crystal structure, and that the intensity of this 
band varies with the direction of the ray in 
the crystal. In view of the significance of these 
facts as clue to the positions, hitherto unknown, 
of the H atoms in muscovite, the writer pro- 
ceeded to examine in detail how the absorption 
intensity of the 2.75 band varies with the 
direction of the electric vector of the light that 
passes through a muscovite crystal. In this 
paper the results of these experiments are given. 


Sample 


The sample of muscovite examined is from 
Tanokami-Yama, Siga Prefecture, and has the 
following optical constants for D-light: a=1.559, 
8=1,593, y= 1.598, 2V=41°. From this a color- 
less, transparent cleavage piece, 3cm.x3cm. in 
size, of uniform thickness (about 18 #7) was taken 
for observation. Its crystallographic orientation 
was determined from the X-ray oscillation photo- 
graph (Mo Ka) by Mr. H. Mori, through the 
kindness of Prof. T. Ito, of the Mineralogical 
Institute, Tokyo University. 


Experimental Procedure 


The infra-red absorption measurements were 
made by means of a reflection monochromator 
with a 60° prism of quartz, in conjunction with 
the thermocouple and galvanometer system, The 
infra-red radiation from a heated nichrom wire 
was reflected by a selenium mirror at the angle 
of 68° to be polarized,“ and was passed through 


(1) Following D. A. Crooks (Nature, 160, 17 
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the sample, set on a universally rotatable stage 
with graded circles for reading the angles of 
rotation. 


Absorption Band of Muscovite at 2.75 u 


The percent transmissions of the sample of 
muscovite were first observed for the light 
ranging from 2.6 to 3.5 yu in wave-length, and 
the results shown in Fig. 1, A were obtained. 


100, A 
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Fig. 1—A: Percent transmissions of mus- 
covite, 0.018 mm, thick, B: Percent trans- 
missions of artificial mica, 0.3mm. thick. 
s: Effective slit width. 


Percent transmissions 
ZB 


Similar observations were made of a cleavage 
piece, 0.8 mm. thick, of an artificial mica® in 
which F or O substitutes OH in natural musco- 
vite, with the results shown in Fig. 1, B. As 
may be seen in these figures, while the cleavage 
piece of natural muscovite, as thin as 18y, 
shows a sharp and strong absorption band at 
2.75 yw, the. thicker cleavage piece of the OH- 
free artificial mica shows none. From these 
observations the band at 2.75 4 may be assigned 


(1947)), the efficiency of this setting as a polarizer 
was judged from the fact that the transmission 
at 2900cm.-—' of a sample of succinic acid, put in 
the path of the reflected light, increased from 1 
% to 72% as it was rotated through 90° from 
the position at which the c axis is parallel to the 
plane of the selenium mirror. 

(2) Prepared by Professor T, Noda ( Kégyé 
Buturi-Kagaku,” 1, 103 (1948); 2, 179 (1948)) and 
kindly placed at the writer’s disposal. 
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with certainty to the fundamental O-H stretch- 
ing vibration in crystal of muscovite. 

Moreover the absorption band of muscovite 
is of the same character with that due to the 
free OH of alcohols in their dilute carbon 
tetrachloride solutions, in regards to the wave- 
length of the absorption maximum and the 
band width. This fact shows that the OH in 
muscovite is free from the hydrogen bonding, 
the O-H bond being almost unaffected by the 
sorrounding atoms in the crystal. 


Absorption Intensities in Different 
Directions of Muscovite 


Now that it has become clear that the ab- 
sorption band at 2.75 uw of muscovite is due to 
the fundamental O-H stretching vibration, its 
intensity variation with the direction of the 
ray must give informations as to the orienta- 
tions of the O-H bonds in the crystal structure. 
With the purpose of obtaining such informa- 
tions, the linearly polarized radiation with the 
wave-length 2.75 pu“? was passed through the 
sample of muscovite orientated in various 
directions, and the percent transmission in each 
direction was determined. In this experiment 
the electric vector of polarized light sent to 
the crystal was always orientated so that it was 
in the incident plane. The results obtained 
are shown in Tables 1 and 2 and in Figs. 2 and 
8. Throughout this paper, the setting of the 
crystallographic axes of muscovite as proposed 
by W.W. Jackson and J. West‘ is adopted. 


Table 1 


Observed Percent Transmissions (™) 
of Light Sent Perpendicularly to the 
Cleavage Plane 
7) m, % 
90° 43.6 
80 44.4 
70 45.5 
60 47.3 
50 49. 
40 51.0 
30 52.9 
20 53.5 
10 54.5 
0 55.0 
—10 54.4 
—2U 53.7 
—30 52.9 
—40 51.5 
—50 49.9 
— 60 47.8 
—70 45.5 


— 80 44.4 


g is the azimuth of the electric 
vector for the incident light, measured 
with the crystallographic a axis. It 
is positive when measured counter- 
clockwise. 


(3) The light used is not strictly monochro- 
matic, but ranges in wave-length 2.69~2.81 p, the 
effective slit width being 0.12 2, in which the total 
range of 2.75 band is included. 

(4) W.W. Jackson and J. West, Z. Krist., %6, 
211 (1930); 85, 160 (1933). 
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Table 2 
Observed Percent Transmissions (m) of Light 
Sent Obliquely to the Cleavage Plane 
(2) 6 m 7) 6 m 2 6 m 
{ 50° 47.0% 50° 50.5% 
| 40 46.2 40° 50.0% 40 50.1 
| B80 45.5 30 50.1 30 50.3 
20 % 20 50.8 20 50. 
| 10 44, 10 51. 52. 
) 0 43. 0 652.¢ 52. 
|—10 —10 54. 54. 
—20 —20 56. 20 «56.5 
| —30 |—30 ‘ 
.—40 \—40 


50 
40 J. 40 
80 . 30 
20 be |; 20 

| 10 rs } 10 

0 wa | 0 

}—10 |—10 

—20 —20 

| —30 —30 } 50.5 

—40 —40 67.! 52. 

gy is the azimuth of the incident plane, measured 
with the crystallographic a axis. It is positive 
when measured counter-clockwise. @ is the in- 
cident angle of the light. It is positive when 
measured to the front. 
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Fig. 2.—Observed percent transmissions of light 


-80° -60° 


sent perpendicularly to the cleavage plane of 
muscovite. As to the meaning of g, see the note 
of Table 1, 

% 

50 


AL 


Percent transmissions 


50° -30° -10° ue 20° 40° 50° 
0 

Fig. 3.—Observed percent transmissions of 
light sent obliquely to the cleavage plane of 
muscovite. A: g=90°, B: g=60°, C: g=30°, 
D: g=0°, E: g = —30°, F: g = —60°, As to 
the meanings of gy and 6, see the notes of 
Table 2, 


In order to know how in the muscovite crystal 
the absorption coefficient is related to the 
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direction of the electric vector of the passing 
radiation, the absorption coefficient K in vari- 
ous directions were calculated from the data 
given above by the following equation, which 
is based on the Lambert’s law: 

ie 1 Pe 

er —_ ~ _ 

log te r) LJ’ 

where d is the thickness of the sample, X the 
refracting angle, r the reflection coefficient at 
each boundary surface of the sample, and I/TI, 
the transmittance. The results of the calcula- 


2 


tions are given in Table 3 and Fig. 4. 


Table 3 
Relative Absorption Coefficients (for 2.754 
radiation) in Different Directions in Muscovite 
(Expressed as A, = 1.) 


d sec X 


g ¢ K ¢ ¢ K 
° ° ° ° 
From the 90 24.0 0.93 60 24.0 
18.5 0.95 18.5 
data in 12.5 0.98 12.5 
6.3 1.00 6.3 
Table 1: 0 1.00 0 
~- 6.3 0.99 — 6.3 
x F 0.98 iS.& 
- =0.68 5 0.9% 18.5 
. 24.0 0.93 —24.0 


(Cf, remarks 0.91 


(5) below) 30° .0 0.50 0° 24°0 0.37 
5 0.56 18.5 0.41 

0.58 12.5 0.49 

0.64 6.3 0.56 

0.68 0 0.61 

0.73 — 6 0.66 

0.76 —12.5 0.70 

0.78 —18.5 0.72 

0.80 —24.0 0.7 

—29.0 0.76 


wou 


te 


Y 


° ° ° ° 
—30 24.0 0.48 —60 24.0 0.75 
18.5 0.53 183.5 0.78 
12.5 U.57 2.5 0.83 
6.3 0.64 6.3 0.385 
0 0.68 0 0.86 
— 6.3 0.70 — 6.3 0.90 


—12.5 0.76 —12.5 0.92 

—18.5 0.78 —18:5 0.90 

—24.0 0.80 —24.0 0.88 

—29-0 0.79 —29.0 0.86 
K, and K,, are the absorption coefficients of the 
passing radiations in muscovite whose electric 
vectors are parallel to the crystallographic axes a 
and b respectivily. ¢ is the azimuth of the electric 
vector of the passing radiation in muscovite. It is 
positive when measured counter-clockwise, ¢ is the 
angle which theelectric vector makes with the.cleav- 
age plane. It is positive when measured upward. 


Remarks:—In the course of calculating the 
values of A in Table 3 the following measures 
were taken: 

(1) To find r and x in the above equation and 
g and ¢ in the Table 3, the principal refractive 
indices, a, @ and 7, of muscovite for the light of 
the wave-length 2.754 must be known. These being 
unknown, the calculations ‘were made on the 
assumption that @ = 8 = 7 = 1.58, That this as- 
sumption dees not affect seriously. the final results 


Relative absorption coefficients 


~30° -20°-10° 0° 10° 20° 30° 


Fig. 4.—Relative absorption coefficients: in 
different directions of muscovite. A: g=90°, 
B: g =60°, C: 2) =30°, D: g=0°, E: g =—30°, 
F: 9=—60°. As to the meanings of g and 
@ see the notes of Table 5. The points marked 
with x represent the values of K, g and ¢, 
obtained from calculations including the ap- 
proximations as remarked in (6) in the text. 
Those marked with o represent the values 
obtained without such approximations, the 
‘incident planes for the light here concerned 
containing either one of the crystallographic 
axes a and bd, 


aimed at, was ascertained by trials with other 
assumed values for a, ® and 7, such as: (1) e@ 
=1,526, B=1544, 7=1.552, (2) e=B=7=1.55, (8) 
@a=f=y=1.61, etc., all of these trials having 
given the results not different qualitatively from 
one another. 

(2) In the calculation. of r, the absorption 
index « (in the formula n(l—ic) expressing the 
complex refractive index) was neglected, because 
« of muscovite is about 0,006 for the light here 
used, as may be estimated from the Tables 1 and 
2, and accordingly «? is negligibly small compared 
with 1. The values of yr were obtained by the 
Fresnel’s formula concerning the reflection of light, 

3) As a test of the applicability of the Lam- 
bert’s law to the present case, a spectroscopic 
observation was made of the 2.75, absorption 
band of methanol in dilute carbon tetrachloride 
solution with the same slit width as that in the 
experiment with muscovite. This showed that the 
observed absorbance logJ,/J/ is not strictly pro- 
portional to the thickness d of the solution, but 
that the log J,/I—@ curve is somewhat convexly 
bent. The values of K in Table are those cor- 
rected on the basis of this observation, assuming 
that the deviation of the observed values of 
logI,/f from the Lambert’s law is the same for 
the muscovite and for the methanol. These cor- 
rections, though added, are of little importance 
for the present purpose. 
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(4) It was not intended to obtain absolute 
values of K, for the accurate value of d was not 
known. 

(5) The percent transmission, (m) of the light 
sent perpendicularly to the cleavage plane is given 
by 

m = MqCOs*g+m, sin*y, 


where m, and m, denote the percent transmis- 
sions, respectively of the light with the electric 
vector parallel to the a axis and of the light with 
the electric vector parallel to the 6b axis, into 
which the incident light is divided after entering 
muscovite, and g the angle which the direction 
of the electric vector of the incident light makes 
with the a axis. By substituting the values in 
Table 1 for m and g in the above formula 
and by applying the method of least squares, 
the following values of me 
and m, were obtained: 
ma = 55.2+0.1%, m, = 44.4 
+0.1%. From these the 
ratio of the absorption 
coefficients, K, and K,, 
were calculated as K,/K, 
= 0.63. ; 
(6) The azimuths (gy) of 
the electric vectors within 
the crystal for the light 
sent obliquely to the cleav- 
age plane were taken to 
be the same with those 
before entering the crystal, 
even in the case where the 
incident plane contains 
neither the crystallographic 
axis a nor b. Such ap- 
proximations are consider- 
ed to introduce no serious 
error to the results, because 
the retardation of the cleav- 
age piece of muscovite 
for the light under con- 
sideration may probably 
be small compared with 
its wave-length, 


In order to facilitate 
further discussions the 
writer here proposes to 
consider a surface of 
reference — “ absorption 
coefficient—electric vector 
surface” or “ K-E sur- 
face” —which shows the 
variation of the absorp- 
tion coefficient in different 
directions in a crystal. 
From a point within a 
crystal, lines are drawn in 
all directions representing 
those of the electric vectors 
of light, and each of these 
lines is cut so that its 
length may represent the 
absorption coefficient for the light concerned, 
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then the surface obtained by the ends of these 
lines is the K-E surface of the crystal. This 
is a surface with three extremity axes perpen- 
dicular to one another.“ 

The data given in Takle 3 and Fig. 4 are 
indicative of the shape and the orientation of 
the K-E surface of the muscovite examined. 
The orientations and the relative lenghts of the 
three exremity axes of the K-E surface are as 
follows: 

(i) The greatest axis: parallel to the crystal- 
lographic axis b. Relative length=1. 

(ii) The medium axis: orientated at p=0°, 
v= —30°, ie. at 30° from the crystallographic 
axis a in the acute angle 8, in 010 plane. 


Fig. 5.—Orientations of the OH groups in the unit cell of 
muscovite, I: Projected on a plane normal to thea axis, II: 
Projected on 010. III: Projected on a cleavage plane. 


(5) Details are to be published elsewhere, 
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tured from the data of 
the infra-red absorption 
of muscovite described 
in this paper. 

In Table 4 and Fig. 5 
are shown the orienta- 
tions of the O-H bonds 
on the assumption that 
the H atoms take fixed 
positions, their vibration 
being neglected. Here, 
by @ and ¥ are denoted 
respectively the azimuth 
and the angle with 001 of 
each of the O-H bonds, 
in a similar way as those 
of the electric vector in 
Tabie 3. These values 
of @ were .determined 
so that K,/K, = 0. 68, 
and ¥, so that the con- 
dition (ii) in the preced- 
ing section is satisfied. 
In Fig.7 are given three 
principal sections of the 
theoretical K-E surface 
based on the calculations 
from the values of @ 
and ¥ in Table 4. The 
points marked with 
represent the observed 
values of absorption co- 
efficients. The coinci- 
dence of the theoretical 
and observed values of 
K is rather satisfactory. 

It would seem incon- 


Fig. 6.—Crystal structure of muscovite. I: Projected on a plane normal ceivable that p's for 
to the a axis. II: Projected on 010, III: Projected on a cleavage plane. the O-H bonds in mus- 
covite take such values 


Relative length = 0. 8. 

(iii) The smallest axis: perpendicular to both 
of the greatest and the medium axes. Relative 
length is probably near to 0. 


On the Position of the Hydrogen Atoms 
in Muscovite 


The crystal structure of muscovite was stud- 
ied by W.W. Jackson and J. West’ by the 
X-ray method. According to them, each unit 
cell of muscovite includes eight OH groups dis- 
tributed in four sheets, U, L, U’, and L’ in 
Figs. 5 and 6, parallel to 001, between the Al 
layer and the Si,O; layer. The positions of the 
H atoms of these OH groups can be conjec- 


Table 4 
O-H’'s on the U sheet...g= —1299, y=20° 


Fig. 7.—Three principal sections of the 
theoretical K-—E surface, based on the orien- 
Go e 7 L ® ...g25l°, ¢= —20° tations of the OH groups in Fig. 5. The 
uy 8 8 UF Ff 7... =129, =20° points marked with o represent the observed 
oc oF OL? @ LL.g= 51°, y= —20° values of K. 
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as —129°, 51°, 129° and —%1°, in spite of the 
hexagonal arrangement of all the other neigh- 
bouring atoms. It would be more probable 
thet the O-H bonds are orientated so that 
their azimuths (~) are —120°, 60°, 120° and 
—60°. But then, the value of Ka/K, should 
be 0.33 instead of 0.63, the observed value. 
This deviation, however, can be explained as 
due to the. vibration of the H atoms around 
their equilibrium positions. 

Taking all of what have been said above 
into consideration, the probable orientations of 
the O-H bonds at equilibrium in muscovite 
are as shown in Table 5 and Fig. 6. The val- 
ues in Table 4 are interpreted as representing 


Table 5 
O-H’s on the U sheet...g= —120°, y=16.5° 
, fF L ® V..g=602, g=—16.5° 
” 7 Us = 16.5° 
a v.12, @ g=—16.5° 


--Q= 120°, 
G= — 60°, 


the apparent orientations of the O-H bonds at 
80°C. (at which the present experiment was 
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carried on), resulted from the vibration of the 
H atoms around their equilibrium positions. 


The writer wishes to express his sincere thanks 
to Professor San-ichiro Mizushima, Dr. Take- 
hiko Simanouti and Mr. Kenji Kuratani for 
their kind guidance'throughout this work. His 
thanks are also due to Professor Yonezo Morino 
and Professor Tokiti Noda for their placing 
the sample of artificial mica at the writer’s 
disposal, to Professor Teiichi Ito and Mr. Hi- 
roshi Mori for their kindness in determining 
the crystallographic orientation of the sample 
of muscovite used in this experiment, and to 
Professor Masazo Kiuchi for his advice as to 
certain optical treatments. The cost of this 
research has been partly defrayed from Grant 
in Aid for Scientific Research from the Ministry 
of Education, to which the writer’s thanks are 
due. 
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Rearrangement of cis-Caronic Acid to trans-Caronic Acid 


By Masanao MATSUI 


(Received December 31, 1949) 


There are many studies on the rearrangement 
from cis-compounds to trans-ones and trans- 
ones to cis-ones, but few can be found on the 
rearrangement of compounds which contain 
cyclopropane ring. 

It has been known with acid that 
its trans form rearranges to cis anhydride by 
heating the former with thrice its quantity of 
acetic anhydride at 220° in the sealed tube.“ 


caronic 


CH, 
| 


C 


CH, 


COOH H 


| 
H, CH, 


C C C 
| | 
] 

HOOC H HOOC HOOG 


trans-Caronic acid cis-Caronic acid 


However, in any report it can not be discov- 
ered that the cis-acid rearranges to the trans- 
one. Like in the case of geometric isomerism 
of unsaturated compounds, the trans-acid would 
be more stable than the cis-one and the rear- 
rangement of cis-—>trans would take place. 


(L) Perkin and Thorpe, J. Chem. Soc,, 73, 52. 


However, in the case of this caronic acid, as 
the two carboxyl groups are free, they may 
form the stable anhydride, and the rearrange- 
ment may not result. Therefore, it may be the 
matter of course that the cis-acid rearranges to 
trans-acid when it is heated after being con- 
verted to half ester which can not. become in- 
tramolecular anhydride. 
CH, CH-COO . e 0 
\o/ C mo Cin H-CC are 
CH,“ \CH-COOH OH,” ‘CH-cO”% 
CH, ROOC-C-H 
Se 
CH,” 


CH, CH-COOR 


- —> 
CH,’ \CH-COC! 


H-C-COC1 
HOOC-C-H 
pe 

H-C-COOH 


OH 
CH,~ 


When the writer studied on caronic acid for 
other purpose, it was found that when isoamyl 
ester chloride of cis-caronic acid is heated, it 
rearranges to trans-acid as shown above. In 
the case of free cis-caronic acid, however, even 
if there was water enough to prevent free acid 
to convert its anyhdride, the rearrangement 
from cis to trans did not, perform,.when the 
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mixture of water and free cis-acid was heated 
at 200° for seven hours in a sealed tube. 

It is interesting that the conversion occurs 
only in the case of the half ester acid chloride. 


Experimental 


cis-Caronic Anhydride.—trans-Caronic acid 
(m.p. 212°, 1 part), totally synthesized, is heat- 
ed with acetic anhydride (3 parts) at 220° ina 
sealed tube for six hours. Then it was distilled 
and the distillate boiling at ca. 143° (20 mm.) 
was collected. It crystallized soon. It was 
recrystallized from dry ether and showed m.p. 
Boiled with water, cis-caronic acid, m.p. 
174°, was obtained. 

Isoamyl Hydrogen cis-Caronate.—Twenty 
grams of caronic anhydride, 18g. of isoamyl 
alcohol and 15 g. of benzene were mixed and 
the mixture was refluxed on a water-bath for 
three hours. After cooling, it was extracted 
with 10% sodium carbonate solution. After 
the extract was washed with ether, it was 
acidified with hydrochloric acid. Separating 
oil was extracted with ether. The ether extract 
was washed with water and dried on the 
anhydrous sodium sulfate. After removal of the 
solvent from the ether solution, the remaining 
oil was distilled. The half ester was collected 
at 165-170° (10mm.) as colorless viscous oil. 
Saponified with alkali, cis-caronic acid was 
obtained. 

From Isoamyl Hydrogen cis-Caronate to 


56°. 
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trans-Caronic Acid.—Five grams of the half 
ester above described was added to 20cc. of 
petroleum ether and next 3 g. of thionyl chlo- 
ride was added drop by drop under cooling 
with ice and was left stand over night. Then 
it was warmed on a water-bath for half an 
hour. The petroleum ether and excess of thio- 
ny! chloride were removed under reduced 
pressure on a water-bath and crude isoamyl 
ester chloride of cis-acid was obtained. This 
was heated at 200° on an oil-bath for three 
hours. After cooling, water was added and, 
boiled for three hours and the reaction mixture 
was saponified. Then it was extracted with ether. 
The ether solution was dried on anhydrous 
sodium sulfate. After removal of the solvent 
from the ether solution the remaining oil was 
distilled under reduced pressure and the distil- 
late, which boiled untill the temperature of the 
bath rose to 220° at 10mm., was discarded. 
The remainder crystallized on coaling. It was 
recrystallized from water and showed m.p. 212°. 
The test of the melting point, when mixed with 
trans-caronic acid, did not cause the depression 
of the melting point. 


The writer wishes to acknowlege his indebted- 
ness to Professor Ryuzaburo Nodzu for his 
valuable advices and also he desires to thank 
Mr. Susumu Hirase for his assistance. 
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On the Refractive Power of the Lower valent Al Ion (Al* or Al**) 
in the Crystal 


By 


Goro YAMAGUCHI 


(Received February 19, 1950) 


Introduction.—The author found out the 
spinel crystal with lower valent Al ion in the 
ingot of abrasive fused alumina, which was 
made by the special method and its properties 
were reported in the previous papers.” Valency 
of such Al ion seems mono or di; mono is 
more probable because unpaired electron does 
not exist. This spinel crystal are explained as 
that two Mg ions of normal spinel (MgAl,0,) 
are substituted by Al* ion and Al*** jon (or 
two Al** ions). The properties of this spinel 
crystal are as follows; 


1) G. Yamaaucui, J. Electrochem, Assoc. Ja- 
pan. 14, 106 (1946): J. Ceram. Assoc. Japan, 55, 42 
(1947). 


Color; coloress 

Refractive index; 1.78 

Density ; 3.72 

Crystal structure; spinel ao=7. 974. 

Chemical composition (as normal oxide) ; 
Al,O3 99.65%, MgO 4.91%, total 104.56% 

Probable formula; (0.412 Al*, 0.412 Al***, 
0.176 Mg) O-Al,O; 


In these values, especially high refractive 
index of the new spinel crystal are found. 
This phenomenon would depend on the high 
polarizability of the lower valent Al ion. In 
this paper, the calculation of the ionic 
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Fig. 1.—X-ray powder photograph of the new 


spinel crystal by Fe K ray. 
refraction of the lower valent Al ion is 
tempted. 

Calculation of the Ionic Refraction of 
Oxgen Ion in the Normal Spinel Structure. 
—In this calculation the following values are 
used ; : 


at- 


Formula weight of spinel, Mgp; 142. 26 
Density of gpinel, Dgp; 3. 578° 

Refractive index of spinel, Ngp**; 1.719 
Ionic refraction of Mg**, Ry,g**; 0.26 
Ionic refraction of Al***, Rai**+*+; 0.17 


By introducing these values into Lorentz- 
Lorentz formula, 


(N? — 1)M/(N? + 2)D =R 


Rgp = 15.69 is obtained,~where Rgp is formula 
refraction of spinel. Now Resp is the sum of 
Ryg**, 2Rai***, and 4Ro-, then 3.77 is 
obtained as the value of ionic refraction of 
oxgen ion in normal spinel (Ro). 

Calculation of Ionic Refraction and Ionic 
Polarizability of Al lIon.—By introducing 
the refractive index, the formula weight and 
the density of the new spinel crystal into Lo- 
rentz- Lorentz formula, 16.28 is obtained as 
the value of formula refraction of the new 
spinel crystal with Al* ion. Now 16. 28 is the 
sum of 0.176Rmyg**, O0412Rai*, 2.412Rai*** 
and 4Ro-~, then 1.80 is obtaind as the value 
of Rat. 

And next, by the equation ; 
a = 38R/427No = 0.3893 x 10-*R, where Q@ is 


2) E. Rinne, N. Jahb. Min. (A) 58, 106 (1928). 
ma 1. Nova, J. Electrochem. Assoc, Japan, 14, 124 
(1946). 
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ionic polarizability, 0.727 x 10~-* is obtained 
as the value of ionic polarizability of Al* 
ion. 

These values are ten times as large as 
that of normal Al*** ion and situated 
between the values of Ca ion and of Sr 
ion. 

Moreover by the similar calculation in 
case of Al** ion instead of (Al* + Al***) 
/2, 0.98 is obtained as the value of ionic 
refraction of Al*+*+ ion and 0.397 x 10-*, 
as the value of ionic polarizability. 

Conclusions.—The hypothesis that lower 
valent Al ion exists as Al*, is more probable 
and in such case the following values are ob- 
tained ; 


Ionic refraction of Al*; 1.80 
Ionic polarizability of Al*; 0.727 x 10-*, 


But if the form of the ion is Al**, the 
values are as follows ; 


Ionic refraction of Al**; 0.98 
Ionic polarizability of Al**; 0.397 x 10-* 


The results show the high polarizability 
of lower valent Al ion depending on loosely 
combined electron in M shell. Many other par- 
ticular and interesting properties of the crystal 
will follow this fact. Now the problem is whe- 
ther typical Al,O,, namely (0.5Al*, 0.5Al***) 
O-Al.O3, exists or not. Perhaps, at normal 
state, Al* ions are not so stable that Al;0, 
could not able to exist, but if Mg ions are 
mixed in molten state, spinel structure with 
Mg ions is stabilized at solidifying time and 
so Al* ions existing in molten state go into 
spinel structure and stabilized. 


A part of the cost of this research has been 
defrayed from the Scientific Research Encoura- 
gement Grant from the Ministry of Educa- 
tion, to, which the author’s thanks are due. 
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Introductoin 


The X-ray investigation of normal chain 
dicarboxylic acids is very important in various 
respects. W.A. Caspari‘” reported preliminarily 
the results of his investigation on some dicar- 
boxylic acids. These are listed in Table 1, in 
which are added the data on succinic acid 
given by HJ. Verweel and C.H. MacGillavry.“ 


Table 1 

a, A b, A c, A B 
(C,) 5.10 $.88 7.61 
(C,) 10.27 5.16 10,02 
(Cz) 9.98 482 2212 
(C,) 10.12 5,06 12,58 
Azelaic (Cs) 9.72 4.83 27.14 
Cebacic (Cy) 10.05 4.96 15,02 
Brassylic (C,,) 9.63 4.82 37.95 
Hexade- 


canedi- 
carboxylic 


Molecules in 
the unit cell 
133°37' y 
137° 5! 
130°40' 
135° 

129°30' 
133°50' 
128°20' 


Acids 


Succinic 
Adipic 
Pimelic 
Suberic 


(Cys) 9.76 4.92 25.10 131°10' 


As for the series of even acids, the lengths 
of crystallographic axes a and 0b of succinic 
acid are considerably different from those of 
adipic and higher acids. The question thus 
arises how and why the crystal structure of 
succinic acid differs from that of adipic or 
other members of the series. On the other 
hand, as adipic acid is an important material 
for the synthesis of Nylon, it is also of interest 
to investigate this substance from the view 
point of highpolymer chemistry. 

In 1941 T. Ohashi® and the present author 
started the crystal analysis of polymethylene- 
diamine adipates, the so-called Nylonsalts, 
together with that of adipic acid, but unfor- 
tunately the work was interrupted by the War. 
After the War, the present author took this 
problem up again ‘and finished some time ago 
the work on the crystal structure of adipic 
acid. Although he found recently that the 
structure determination of this crystal had been 
completed by C.H. MacGillavry™ and also by 
J.M. Robertson,‘ it will not be insignificant 


(1) W.A. Caspari, Jour. Chem. Soc., 1926, 3235. 

(2) H.J.Verweel and C.H. MacGillavry, Z. Krist., 
102, 60 (1939), 

(3) T. Ohashi, Annual Report of the Fibre Res- 
search, Osaka, Japan, Vol. 4, (1942), 

44) O.H. MacGillavry, Rec. trav. chim., @, 605 
(1941). 

(5) J.D. Morrison and J.M. Robertson, Jour. 
Chem. Soc., 1949, 987. 


to publish the results of the independent de- 
termination of the present author. 


Crystallographic Data 


According to the description by P. Groth,“ 
the crystal of adipic acid is monoclinic holo- 
hedral, and the values of axial ratio and axial 
angle are a:b:c=1.9678:1:1.79 (?), @=187° 5'. 
This crystal is optically negative, and the axial 
plane is 56(010). 

Cleavages parallel to (110) and to (011) are 
perfect and so the fibre cleavage is “observed 
along (001). Single crystals used in the pres- 
ent experiment were prepared from ethylace- 
tate solution by slow evaporation. They were 
well-formed tablets parallel to (001) and prisms 
elongated in the direction of the c-axis. The 
external forms are shown in Fig. 1. Specimens 
were cut out of these crystais into suitable 
shape and size. 


Fig. 1.—The external forms of crystals, 
smaller planes are not drawn. 


From the Laue photographs taken parallel to 
(010) and perpendicular to (001) respectively, 
it was shown that the Laue symmetry was C,,. 
The gnomonic projections of these photographs 
gave the, following values; a:b:¢=1.95:1:1.93, 
8=187°. ‘ 

From the Oscillation and Weissenberg photo- 
graphs taken of a, b and c-axes respectively, 
it was found that the unit cell of adipic acid 
was monoclinic and was of the following di- 
mensions: 


a = 10.14 + 0.05kX, b = 5.16 + 0.08kX, 
ec = 10.08 + 005kX, B = 187°. 


The axial] ratio calculated from these values 


(6) P. Groth, “Chemishe Krystallographie,” 
fol. Ill, 465, 
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is a:b:¢=1.964:1:1.945. This is in good agree- 
ment with that obtained fromthe Laue photo- 
graphs. Thus the values given by P. Groth 
may be concluded to be incorrect. On index- 
ing all spectra of these photographs the follow- 
ing systematic absences were found; (0k0) for 
k=2n+1, and (AOl) for h=2n+1. All other 
types of spectra were found. Therefore, the 
space group of this crystal was concluded to 
be P2i a—c*.,. 

The density measured by the flotation method 
using carbontetrachloride and ethanol was p 
=1.857 at 18°C. Accordingly the number of 
molecules in the unit cell was calculated to be 
Z=2. 


Determination of Structure 
There are four general positions x, y, z}1/2 


+2, 1/2—y, 2; %,y, 2; 1/2—a, 1/2+y,z, for the 
space group P2:/a. These are shown in Fig. 


2. However, in the present case, as the unit 
cell contains only two molecules, a molecule 
must either have a plane or a centre of sym- 
As the plane of symmetry can be elim- 


metry. 


Fig. 2.—Symmetry of P2,/a. 


inated from the observed relative intensities 
of (0k0) reflections, the molecule must have 
a centre of symmetry, which may be assumed 
to lie at the origin of the unit cell. Thus, 
neglecting all the hydrogen atoms as usual, 
five sets of parameters z,y,z are needed to be 
determined to fix the positions of carbon and 
oxygen atoms in the molecule; namely, three 
sets for C atoms and two for O’s. Now it is 
preliminarily assumed, from the inspection of 
the size of the unit cell for the series of dicar- 
boxylic acids given above, that (1) the mole- 
cule, neglecting hydrogen atoms is planar; (2) 
the carbon atoms in the molecule form a zig- 
zag chain; (3) the axis of the carbon chain 
orientates itself parallel or nearly parallel to 
the c-axis; (4) the bond distances are roughly 
O—C=1.54 A., and C—O=1.28A.; and finally(5) 
the bond angles are also. roughly 7 CCC=110°, 
ZOCC=120°. and Z CCO=120°. A rough model 
of the molecule thus assumed is shown in Fig. 3. 

The line connecting a mid-point of the two 
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oxygen atoms at one end with that of the two 


molecular 


axis 


Fig. 3. 


oxygen atoms at the other end is chosen for 
the molecular axis. Evidently this axis passes 
through the centre of symmetry. Since this 
axis and the plane of the carbon chain to- 
gether fix a rectangular coordinate axes in the 
molecule, we can conveniently use the Eulerian 
angles to describe the orientation of the mole- 
cule in the unit cell. 

Using these assumptions, the method of trial 
and error could lead to a possible approximate 
solution of parameter values for the atoms. 
The methods of the Patterson and the Fourier 
series were then applied to obtain more precise 
values of parameters. 

These are shown in Figs. 4, 5 and 6. ‘ The 
final result of the determination is as follows; 


C, Cy C, 0; Oz 
0.021 0.056 —0,021 —0.078 0,106 
—0.090 —0,160 0.038 0.110 —0,240 
0.329 0.210 0.054 0,290 0.479 


Fig. 5.—oly, 2). 





hkl 
001 
261 
202 
200 
002 
203 
403 
201 
402 
204 
404 
003 
401 
405 
202 
205 
400 
004 
604 
406 
605 
606 
203 
401 
206 
607 
407 
005 
601 
608 
804 
805 
807 
204 
402 
408 
808 
006 
609 
803 
809 
403 
205 
203 
1007 
1008 
1006 
1049 
007 
1005 
sol 
404 
602 
209 
10011 
6011 
008 
8012 
10012 
1203 
12010 
207 
12011 
1207 
4011 
2010 
1206 


sin 0/A 
0.071 
0.107 

-107 
-146 
.146 
.149 
.199 
-208 
211 
.211 
.218 
i 
.244 
247 
256 
2338 
. 296 
297 
.299 
.302 
.305 
325 
.344 
0.351 
0.354 
0.354 
0.364 
0.377 
0.390 
0.399 
0.406 
0.406 
0.410 
0.413 
0.416 
0.429 
0.432 
0.452 
0.457 
0.457 
0.458 
0.478 
0.487 
0.494 
0.500 
0.510 
0.510 
0.517 
0.517 
0.530 
0.532 
0.545 
0.552 
0.566 
0.572 
0.572 
0.588 
0.604 
0.604 
0.608 
0.608 
0.621 
0.621 
0.624 
0.627 
0.634 
0.634 
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Fate, 
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Table 2 


hkl 
O01 
O11 
002 
012 
020 
021 
003 
013 
022 
004 
023 
031 
014 
032 
033 
024 
005 
OLS 
040 
034 
025 
042 
O16 
043 
006 
026 
035 
052 
017 
027 
008 
018 
028 
110 
200 
210 
020 
120 
310 
220 
400 
320 
130 
410 
230 
420 
330 
510 
040 
140 
430 
240 
520 
600 
340 
610 
530 
620 
440 
150 
250 
710 
540 
630 
350 
720 


sin 6/A 
0.071 
0.121 
0.135 
0.182 
0.193 
0.211 
0,224 
0.237 
0.244 
0.297 
0.299 
0.306 
0.312 
0.328 
0.357 
0.360 
0.374 
0.875 
0.388 
0.406 
0.410 
0.419 
0.444 
0.446 
0.446 
0.460 
0.474 
0.514 
0.526 
0.540 
0.593 
0.601 
0.602 
0.062 
0.147 
0.175 
0.194 
0.2038 
0.244 
0.244 
0.295 
0.295 
0.300 
0.312 
0.325 
0.351 
0.364 
0.376 
0.388 
0.394 
0.4138 
0.413 
0.414 
0.439 
0.489 
0.449 
0.466 
0.480 
0.485 
0.489 
0.505 
0.519 
0.525 
0.526 
0.528 
0.544 
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Fig. 6.—p(2, z). 
Discussion of the Structure 


Using the obtained parameter values, the 
following interatomic distances and bond angles 
were calculated as 
follows: 

O,’—C,= 154 A, 
Z0;' 0,02 = 110°, 
0,-C,=1.52 A, 
Z0,0,0, = 115°, 
C,—C, =1.48 A,, 
ZC2C, O, = 126°, 
0,-—O, =1.28 A.,, 
ZC C0, Oz = 110°, 
0,-0,=1.31 A,, 
Z0,C, 02= 124°. 
The length of hy- 
drogen bond is 
6, =2.63 A,, 
and the shortest 
Van der Waals 
distance is 3.20 A. 
(between C, and 
O,"). These are 
shown in Fig. 7. 

As for the differ- 
ence of- lattice 
parameters of suc- 
cinic acid crystal 
from others, it is 
only due to that of 
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* the packing of the molecular chains, each of 
which being similarly hydrogen-bonded. 

The structure determined so far agrees ap- 
proximately with that given by MacGillavry * 
and by Robertson.®? However, there can be 
seen some difference with respect to C-O dis- 
tances. These are listed in the following table. 


MacGillayry 
1.38 A. 
1.28 


Hirokawa 
131 A. 
1.23 


Robertson 
1.29 A, 
1,23 


C; —O0, 
0;-—0, 


Thus, on one hand, the distance of C,—O, 
obtained by the present author agrees more 
closely with that of Robertson, while, on the 
other hand, the distance of Ci—QO, agrees 
better with that of MacGillavry. 

It seems rather difficult to decide which of 
these come closest to the actual state of the 
structure of carboxylic radical in the crystal. 


Summary 


Oscillation and Weissenberg photographs 
using CuKa(A=1.539 A.) radiation show that 
the crystals of adipic acid are built upon a 
monoclinic unit cell having a=10.14 kX, b 
=5.16 kX, c=10.08 kX, and B=187°. 

The space group is C°,,—P2:/a. This unit 
cell contains two molecules of HOOC—(CH,), 
—COOH, the centres of the mass of the mole- 
cules being at 0, 0, 0 and 1/2, 1/2, 0 respec- 
tively. Positions of atoms in the unit cell are 
given by the following parameters; the carboxy] 
carbon (C;), c=0.021, y= —0.090, 2=0.329; a- 
methylenic carbon (C.), 2=.056, y=—0.160, 
z=0.210; B-methylenic carbon (C3), = —0,021, 
y=0.088, 2=0.054; oxygen I (Oi), x= —0.078, 
y=0.110, z=0.290; oxygen II (O,), 2=0.106, 
y = —0.240, z=0.479. The molecule is approx- 
imately planar and the plane of carboxyl 
radical is slightly twisted about the molecular 
axis. 

The plane of zigzag carbon chain makes an 
angle about 40° to (010) and the molecules are 
linked with strong hydrogep bond along c-axis, 
and may be said to form a kind of chain lat- 
tice. 


The author is indebted to Dr. Y. Go who 
suggested him to investigate this subject and 
to Prof. I. Nitta for his adequate suggestion 
and encouragement throughout this work. 
He also wishes to thank Mr. I. Taguchi for 
discussion of details. 
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The dielectric properties of electrolytic solu- 
tions have been treated theoretically based on 
the consideration of ion-dipole interaction, The 
magnitude of ion-dipole interaction have been 
calculated by assuming a suitable model for 
solution. Theoretical formulae for relaxation 
time, dielectric constant, and loss’ factor of 
electrolytic solution have been obtained. The 
formula in the limiting case of a dilute solu- 
tion, is identical with that of Sack and Debye. 


Il. Introduction 


The dielectric properties of electrolytic solu- 
tion are different from those of pure solvent, 
though we neglect ion conductivity. The reason 
of this difference is based on (i) the interaction 
between ions and (ii) ion-dipole interaction. 
The magnitude of former effect was calculated 
quantitatively by Debye and Falkenhagen.‘” 
The latter effect was early pointed out by 
Mizushima,’ but quantitative calculation of 
this effect was difficult, The approximate 
methods of calculating this effect can be made in 
two different ways. (a) We consider a dipole 
located at the center of the dipole field, which 
affects the motions of ions. This method was 
developed by Oka.“ (b) We consider an ion 
as a center of ionic field which affects the 
motions of dipoles. Sack“? and Debye? suc- 
ceeded in calculating dielectric constant of di- 
lute electrolytic solution from the latter point 
of view, but they could not calculate relaxation 
time and dielectric loss factor. 

In the present paper we shall calculate di- 
electric constant, loss factor and relaxation time 
of strong electrolytic solution according to the 
method (b) which is, however, different from 
that of Sack and Debye. 

When an electrolyte is dissolved into a polar 
solvent, the dipoles of the solvent will be 
arranged around an ion by the ionic field. 
If an external electric field is applied to this 
solution, motions of solvent dipoles will be 
different from those of pure solvent, owing to 


(1) Debye and Falkenhagen, Physik. Z., 29, 128, 
402 (19238), 

(2) 8S. Mizushima, Jour. Chem. Soc. Japan, 49, 
1 (1928), 

(3) Syoten Oka, Proc. Phy-Math, Soc. Japan, 17, 
454 (1935), 

(4) H. Sack, Physik. Z,,28, 199 (1927). 
(5) P. Debye, “Polare Molekeln”, Leipzig (1929). 
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the presence of the ionic field, which hinders 
the rotation of:dipoles. Thus the motions of 
dipoles will become elastic, and the mean mo- 
ment of a dipole will be reduced. At the same 
time, the mean relaxation time will be smaller. 

Based on the following model, we shall treat 
this phenomena quantitatively. 


II. Model and Hypotheses Used 


(1) For the sake of convenience in calcuation 
we assume the following model for a stricture 
of solution. We consider a conducting shell of 
radius @; with electric charge —z,¢ around an 
ion of radius @; with electric charge z,e, where 
2, denotes valency of j-th ion, and —e, the 
electronic charge. Between an ion and a shell 
lie dipoles, and a solution is filled up by these 
shells. 

If we assume this model for the solution, a 
dipole of solvent at the distance r from the 
center of an ion, has potential energy —yz,¢/r? 
from a, to 8; and when r>Q,, its value 
becomes -zero suddenly. Here y« denotes effect- 
ive moment, which depends on 7, but as a 
first approximation we shall assume that it has 
a constant value. 

(2) We shall further assume that the relaxa- 
tion time of ionic atmosphere (Ionenwolke) has 
a different order of magnitude from that of 
dipole rotation; so that we may consider them 
separately. 

(8) The resistance of media against dipole 
rotation will be assumed to obey Stokes’ law 
of hydrodymamics, and the viscosity coefficient, 
which appears in Stokes’ expression, has the 
same magnitude as that of macroscopic vis- 
cosity. 

(4) The distribution function of dipoles / is 
assumed to be independent of r (distance from 
the center of an ion). 


Ill. Fundamental Equation and 
its Solution 


To know the change of relaxation time, di- 


electric constant and loss factor caused by the 


introduction of electrolyte into the solvent, we 
have to calculate the mean relaxation time, 
and the mean electric moment under the in- 
fluence of ionic field when the external field is 


applied. 
If f denotes the distribution function of 
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dipoles in a shell in an external field, f satis- 
fies the following equation.“ 


Of _ kT jr, 
_ a edit 


‘ 
where wu denotes potentioal energy of a dipole; 


: div(fgradu) (1) 


w= to + uy ec (2) 
ez 

tio = — 5 cos 9 (3) 
r 


tt =— uF cos d'. (4) 


In these equations uy is the potential energy 
of a dipole in the absence of the external field. 
# is the angle between the axis of dipole and 
a line which joins the center of dipole with 
that of ion. wm is the potential energy due to 
an external field. 7’ is the angle between the 
electric field vector and dipole axis. p denotes 
the resistance constant and is expressed as 


Pp = 82na* (5) 


according to the assumption (8) of II. 1% is the 
viscosity coefficient, a, the radius of a sphere 
of dipole, w, circular frequency, k the Boltz- 
mann constant, 7, the absolute temperature 
and ¢, the time. 

By assumption (4) of II, Eq. (1) is to be 
solved on the condition of r=constant. The 
mean electric moment “y on the surface of 
shell r=constant around j-th ion is evaluated 
according to the method developed by Kubo.” 


The result obtained is as follows: 
" F ei _ wR i (6) 
kT 3 1+10T }, 


where RF represents the reduction factor 
R=1— Ly) (7) 
(8) 


and L is the Langevin function. Ty is the 
mean relaxation time on a shell r=constant 
and has the following form:‘* 


2 


R. 9 
re (9) 


T jr 
The mean relaxation time and mean electric 
moment of dipoles located in the said spheric 
shell are represented as follows: 


(6) Debye and Ramm, Ann. Physik, 28, 28 
(1937). 


(7). Rydgo on: Nippon Siigaku-Buturigaku- . 


kaisi, 16, 298 (194 

(8) The dipoles “ spherical shell r=constant 
haye many relaxation times, i.e., rj,’s instead of 
one, because the dipoles are affected by the ionic 
field. However, these relaxation times are 
not so widely distribtted™ that we can use their 
mean value r,- without serious errors, 
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"a Lry)}-anrtdr| [  anrtar 
“s 
(10) 
(11) 


rdr ear] [snr dr, 
@ 


* (9) 
The mean relaxation time and the mean 
electric moment (of whole solution) have the 
following forms: 


T= J ni(BF — as')F;s/ Sni(Bs—ay) 


B= Fel*- S ni BP — af)y¥;/5 n,(8 — a?) 
= Fel ry, (14) 


a) -_ 7 Fe 


2 i ee 
~ Bk 1+i0T }, 


IV. Relaxation Time, Dielectric 
Constant and Loss Factor of 
Electorolytic Solution 


A. Relaxation Time.—It can be seen from 
Eq. (9) that an electrolytic solution must 
have many relaxation times instead of one. 
However, to obtain a rough estimation, we can 
replace them by their mean value (Eq. (13)). 
Especially when we deal with dilute solution, 
the use of mean value will be a good appoxi- 
mation. This mean value is represented by 
Eq. (13). (see also Eq. (1)). 

B. Dielectric Constant and Loss Factor. 
—Dielectric constant (complex) € consists of 
two parts, the first part coming from solvent 
molecules and the second part from ions. We 
assume simply that € is obtained by the addi- 
tion of these two parts, i.e. 


E=Eat E; (15) 


where &, is the part of solvent molecules and 
&;, of ions. €&; can be calculated by the Debye- 
Falkenhagen theory.2® (We do not write 
its formula explicitly.) 

It seems to us that there is no satisfactory 
relation between &, and the mean electric mo- 
ment / or 'Y, but we assume tentatively Clau- 
sius-Mosotti’s hypothesis, i. e., 

paeoed: b ron f 5 roe Y; 
lEat+2 n?+2 a 3 
where Y is represented by Eq. (14). Vo denotes 
molecular volume, P,4, atomic polarization, and 

n, refractive index of solution. 
Ea has real and imaginary parts, 


(16) 


Ea = Ea! = 1€,'' . (17) 


we -can obtain 
The real part of 


Calculating Y from Egq.. (14), 
Ea by the use of Eq. (16). 


(9) H. Falkenhagen, “ Electrolytes” Oxford 
University Press, London (1934). 
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Ea (Ea') denotes the dielectric constant and the 
imaginary part (&4"’), the loss factor due to 
solvent molecules.. If. we know &,, we can 
calculate total dielectric constant (complex) & 
from Eq. (15). 


V. 8B; 


To evaluate €,, we must know ¥;. To cal- 
culate Y, we must know @,;. #8; may be called 
effective Screening radius, and is generally de- 
pendent on temperature, solvents, solute, and 
the concentration of solution.. We shall con- 
sider most possible forms of £.. 

on 8 Sis the volume 


A. Static Model.—<As 
of afore-described sphere, > os 8 ns will be 
proportional to the volume apportioned to Sn, 


ions, i.e. to the unit volume, when we adopt 
static model. 


c ups = K3 


ni 


(18) 


Here K represents a constant, which is inde- 
pendent of above-mentioned variables. Using 
this model we can derive the Sack- Debye for- 
mula'** for dielectric constant of dilute solu- 
tion. We shall discuss later this problem. 

B. Dynamical or Statistical Model. — 
Considering thermal motions of ions, 8; should 
be dependent on temperature, electrolyte, sol- 
vent, and the concentration of solution. We 
assume that 8; is proportional to radius of 
ionic cloud 1/«, which appears in Debye- 
Hickel theory,“ i,e., 


B; a 


kT . 
yr as 


A = A( 
K 4ne*? > n2;7 


where &)' is static dielectric constant of the 
solvent. 
VI. Evaluation of Relaxation Time, 
Dielectric Constant and 
Loss Factor 


A. Relaxation Time.—The mean relaxation 
time is represented by Eq. (13). The mean 
relaxation time of dipoles around j-th ion is 
represented by Eq. (10). The following is the 
formula rewritten: 


_ Bs a p Bs 
T3 = rf {1 — L*{y)}-42r7 d /f 4nrrdr 
a; - Jde, 


{10 


T) = P/2kT 10’) 


To obtain the value of 7;, it is necessary to 
calculate 


(10). Debye and Hiickel, Physik. Z., 24, 185, 305 
(1928), 
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fas, : 
| {1 — L*y)}-4ardr, (20) 


a; 
The integration is difficult, but this value can 
be evaluated as follows. Divide the integration 
into three parts as follows: 


y 


b 
8 s 323 a; 
Jj 2 5 f 

ris Hinse oaen 
‘J 3b, 
@; e 3 7» 


b 
2 


where 6s is defined by Eq. (22). 


b, =2 v( pe )" 
“I \ RT 


b,; is the value of r which makes y = 1, i.e., the 
distance at which the potential energy pez,/r? 
is equal to kT. 

In the first term of the right hand side: of 
Eq. (21), L(y) can be replaced by 1—1/y, for 
(y)-- 03/2 = 4, L(4) =1—1/4. In the third term, 
we can replace L{y) by y/3, for (y), -3%,/2 = 4/9, 
L(4/9) = 0.1469 = 1/8(4/9) = 0.1480. 

The second part can be transformed into the 
following form, according to the first mean 
value theorem of integration calculus.¢” 


(Oo) 
ata) 


The integral (21) can be rewritten as follows: 
De 


Fy r 3 Ort 
| {1 —L*{y) }42r* dr = 47 / andl 9 
Ja, 9; 
aj « 


13 ari da 
+ 2 {1 — L°(&)}d3 4 


13 
12 


2 a, , 1 bs 7 
r* ._. ; | 
5 bf 9 Bi J 


_, 2 (8 )—3} 0.1084 
3 | 


2 


1 bf 5 

This formula holds only when @s>3/2 6s 
i.e., solution not concentrated). 

Here we neglected 2/5 (a@s°/bs*), considering 
it very small. Considering @s* small as com- 
pared with @)*, we can approximately rewrite 
Eq. (10) as follows, 


(11) See, Whitaker and Watson, 
Analysis,” p. 65, 4th edition (1955). 
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—_= ° 13 a b 4 
T= Ti [1-8 0.108 + = 1(€)\( 1 ) 


SKB, 
1/6; \} - 
- 24 
+3( 3 y (24) 
Using Eqs. (22) and (18) or (19), T; can be 
calculated, and 7 also. (by Eq. (18)). 
B. Static Dielectric Constant (w = 0).— 


The static field is specified by the notation © 
{r = 0), 


2 ¢ 
Yo = F 9514 —17(y))4nr? dr| "sanrdr 
8kT, e, iin 


Jj - 
25) 


This formula can be evaluated according to the 
same procedure as relaxation time. 


~ wf _sfo 03 13 L? \( ) 
wii ited teeth ls 8) Bs 


1/ b; \*j : 
+ - ( ‘ ) (26) 
8 B, | 


Static dielectric constant &,. can be calculated 
from the following equation: 


f Ean—1 


n?—1) 4n 
_— Vo—Pu= - 
| Eaa+2 7 


n? 4-2) 3 


‘where 
= 22; Vin BS 
27,8; 


For dilute solutions, we can derive limiting 
formula. By differentiation of Eq. (¥7) we can 
obtain 

’ 9)\2 
4E, - A4n (Eo +2)" Ay. 
3 3V 5 
ro 2 2 
= poe 4n (Eo ’ 2) a 3! 0.108 
8V, skTL | 


B50 33) 


Yo (28) 


(29) 


Ne 
nr, = 103 v, (80) 
and N is Avogadro’s number, c, concentration 
in mole per liter, and y;, number of j-th ions 
in electrolyte molecule. 
Using static model, 8; is represented by Eq. 
(18). Eq. (29) is rewritten as follows. 


AE, --($ F " \ == \#) 
3 38kT 38V 3 


3! 18 1 2¢)\ | \e. 
|8 0-108 + r(6)} | = 


Ne : 2 
( sae be v,2;°=— Bod vs25" 
(81) 
B represents a constant independent of ¢, v 


and 2;. 
Sack and Debye derived an equation for the 


Jj 
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dielectric constant of dilute electrolytic solu- 
tion.“ 


Eao = Eo'(1— Ble Sv,2;2). (82) 


Eq. (31) has a similar form as Eq. (82). 
They detemined B’ experimentally and obtained 
a value 3.3 at room temperature.“ If we put 
K* = 2 (all the spheres of radii 8,’s belonging 
to the ions of the same sign just fill up the 
whole solution), Eq. (31) can be rewritten at 20° 
as follows, (E9' =80.1, Vo = 18.05, 4 =0.8168D).7® 


AE am = 2.64 10 Sv, 2,8 


Eae = 80.1{1 —3.8¢ Sv,28}. (33) 


The constant B’ is found to be 3.3.0 This 
value agrees well with that of Sack and Debye 
3.3 obtained experimentally, but this numerica] 
agreement is rather fortuitous, since we have 
used so many hypotheses and simplifications. 

Assuming dynamical model J&,.. is written 
as follows from Eqs. (29), (19) and (22). 


4a pw? (Eq' + 2)? | 


4Eaw = — 
fa 3 8kT BV 


oe 
[8{1.08 4- 7. L*(E)}) (my. 
A* kT 


4c? \3 __2 8 Sv; 253 3 
Ne? het ( v.z 2\2 
(a) S v, > ee ) 


=_ Bi'e* (S Vv; 2;%) x (> v, 23) (34) 


5 


8 
4E,. is proportional to e2. 


For dilute solutions, experimental values of 
4E.. are so inconsistent that we cannot see 
whether Eq. (31) or (84) is valid. We hope 
that reliable experimental values will appear in 
the near future. 

C. Dielectric Constant and Loss Factor 
in Non-Static Case.—Dielectric constant and 
loss factor in non-static field {(w>0) are calcu- 
lated from Eqs. (12), (14) and (16), but this calcu- 
lation is very laborious though not impossible. 
For a rough estimation, there is a simpler 
mothod. We assume that an electrolytic solu- 
tion has a single relaxation time which is 
represented by T (Eq. {13)). Then the complex 
dielectric constant is calculated by the follow- 
ing equation. 


(12) There are many experimental values that 
are not represented by Eq. (32), cf. ref. (5). 

(13) This value is obtained from the equation 

e—l1 _ Fok Vo= 4x ps? 
a aod 3 3kT 
ler than that of gas. 

(14) In order to obtain the value of B, we as- 
sume that [7(€) =1/of17(4)+[7(4/9)} =0.294 in Eq. 
(31), so that the numerical value in Eq. (33) is 
rather ambiguous. 


. It is much smal- 
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= V 7 oo “Tek . 
pee 2 3 |" 1 bier 


ne 1 
Eat2 
(35) 


Y. and 7 are evaluated by Eqs. (26), (28), (13) 
and (24). A convenient method to calculate 
&4' and &,’'' from 7 and ¥... is given by Debye.“ 

D. Dielectric Properties at Long Wave 
Length Region (w7<1).—In this case ¥, is 
represented approximately as follows. Divide 
Y, into two parts, i.e., 


Y,=7;'—#75" (36) 


+ [8;{1—L*y)} 3 By, is 
; sun, 1+o%? -47r2dr 4nr2dr 


pan 2 By yy —L*y)}4nr2d r/ Iaikas 
*SkT I Jee, 


@; 


(37) 
This integration is evaluated already and is 
equal to Yj. (Eq. (26)). 
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2, 
y= oat I{1— caghyar| [™ "4nr*dr. 
ad 


(38) 

Eq. (38) can be evaluated by a similar pro- 
cedure as in the case of ¥;., but writing out 
its formula here will be omitted. 

E. Dielectric Properties at Short Wave 
Length Region (w7>1).— In this case ys’ = 0 
and ‘ys’ = (u?/8kT)x(1/@7To). It means that 
in this region the properties of electrolytic 
solution are almost the same as those of pure 
solvent. 
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Introduction 


Recently the presence of minute amounts of 
copper in biological matter is taken up as an 
interesting problem. Its determination has been 
conducted by various colorimetric methods, but 
among them the method with sodium diethyl- 
dithiocarbamate has been generally applied as 
the most suitable and the most sensitive since 
it was first used by Callan and Henderson.‘” 
However, this reagent often requires a prelim- 
inary separation of copper from other ele- 
ments for procuring good results as it does not 
react alone with copper. Hence, for preliminary 
separation of copper, hydrogen sulfide separa- 
tion, electrolytic separation™ and ammonium 
hydroxide separation method“ were proposed 
by many workers, but none of these methods 
became widely used as an approved method. 

A better preliminary separation method of 
copper was therefore desired. Sylvester and 


(1) T. Callan and J. A. R. Henderson, Analyst, 
4, 650 (1929). 

(2) L. W. Conn, A. H. Johnson, H. A. Trebler 
and V. Karpenko, Ind. Eng. Chem., Anal. Ed., 7,15 
(1935); R. W. Thatcher, J. yee Chem. Soc., 56, 4524 


F. Grendel, Pharm. Weekblad., 67, 918, 1343 

: Z. anal, Chem., 97, 47 (1984). 

‘J. Hamence, Trans. Faraday Soc., 30, 
299 (1934), 


Lampitt“ attempted this problem by deter- 
mining copper in milk after extracting it with 
dithizone and chloroform. At the same time 
Sandell determined copper by the mixed col- 
ored method or the extractive titration method 
with dithizone after preliminarily removing 
copper completely as dithizonates. This is pro- 
posed, however, for copper in silicate rocks. 
Nydahl™ used the same method as Sylvester 
and Lampitt in determining copper in fats 
using carbon tetrachloride in place of chloro- 
form as an extractant. 

Thus the preliminary separation of copper 
had been generally improved by the application 
of dithizone. Yet these can not be approved 
to be the best and the most accurate methods 
in colorimetric determination owing to their 
own drawback. The principal reason for this 
defect lies in the difficulty of transferring the 
colored products completely into the solvent. 
Consequently it does not conform with the 
Lambert-Beer’s law and the color comparison 
must be done at the loss of accuracy and sen- 
sitivity of the reagent as pointed out by many 


(5) N. D. Sylvester and L. H. Lampitt, Aualyst, 
60, 377 (1935). 

(6) E. B. Sandell, Ind. Eng. Chem., Anal. Ed.,9, 
464 (1937). 

(7) F. Nydahl, Z. anal. Chem., 116, 315 (1939). 
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wokers.‘* 

The reaction of copper with the reagent was 
thoroughly studied by the author” and above 
mentioned difficulty was solved by extracting 
copper diethyldithiocarbamate compound with 
carbon tetrachloride in the presence of hydroxyl- 
amine. As already reported in a former report, 
colorimetric determination of copper has become 
more accurate and speedy. Such being the case; 
when it was required to investigate the copper 
content in biological matters, dithizone was used 
for preliminary separation after studying those 
methods mentioned above and thén copper was 
determined colorimetrically by applying a new 
method, the details of which are in the follow- 
ing. 


Experiment 


Decomposition.— McFarlane destroyed the 
biological matter in the sample by insertion in a 
muffle oven at 380° to 400° for 12 hours, Sylvester 
et al, and Winter’ both recommended 5v0° to 
550° in a silica dish with some sulfuric acid. 
The upper limit of temperature has not been set, 
but in this experiment it was performed in a silica 
dish at 400° to 450° in an electric furnace. The 
use of gas flame is undesirable owing to the 
greater possibilities of introducing impurities in 
the sample. 

Nydahl recommended the wet-ashing method 
with nitric acid and perchloric acid in the pres- 
ence of sulfuric acid after which the copper is 
to be determined in the resulting solution upon 
filtration of silica and calcium sulfate. It was 
noticed by the present author that the results are 
lower by this method especially in the presence 
of a large amount of silica, owing most probably 
to the occlusion in the silica. Such being the case, 
it is safer to remove the silica with hydrofluoric 
acid and perchloric acid and dissolve the residue 
in hydrochloric acid, when it is much abundant, 

Isolation of Copper.—Though it cannot be said 
that sodium diethyldithiocarba mate is specifically 
reactive to copper alone comparing with other 
metals, it is highly sensitive to the element. It 
is, therefore, necessary that copper is preliminarily 
separated from other metals to obtain the best re- 
sults, Generally there are many cases in which pre- 
liminary isolation with some reagents is undesirable 
as the reagent would impede the sensibility and 
the accuracy of the determination to follow. 
However such precautions are unnecessary in 
this case as the dithizone used to isolate copper 
is more sensitive than sodium diethyldithiocarba- 
mate and moreover has spectroscopic sensitivity. 


(8) Walker, J. Assoc. Offici. Agr. Chem., 13, 
426 (1930); T. P. Hoar, Analyst, 62, 36 (1937); D. 
L. Drabkin, ibid., 21, 203 (1938); O. B. Winter, 
J. Assoc, Ojfici. Agr. Chem., 19, 36 (1936); E. J. 
Coulson, J. Assoc. Ofici. Agr. Chem., 20, 178 (1937). 

(9) Y. Murakami, This Bulletin, 2%, 3 (1950). 
(10) McFarlane, Biochem. J., 29, 480 (1929). 

(11) O. B. Winter, J. Assoc. Ofici. Agr. Chem., 
19, 259 (1936). 
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Some workers recommended isolation with 

hydrogen sulfide but this was found to be 
defective not as sensitive as had been reported: 
this defect was also recognized by the author. 
Thus dithizone was used to concentrate copper 
in the alkaline solution containing sodium 
citrate with a slight excess of ammonia (ap- 
proximately pH 38.5) according to the Sandell’s 
directions. The extraction in the alkaline solu- 
tion as compared with the extraction in acid 
solution proposed by Hibbard“? was purposely 
tried with a view of simultancously determin- 
ing zinc and lead with copper. The determina- 
tion of zinc and lead are being studied‘™., The 
presence of citrate is important in preventing the 
precipitation of iron hydroxide which absorbs some 
copper. Though some Workers have denied such 
absortption,“® it has been reported and was also 
confirmed by the author. Higher pH than the 
cited is not desirable, as copper may be extracted 
in the enol form instead of keto form, resulting 
in iailure to separate copper from lead and zinc 
in the next operation. This may be avoided by 
not adding too much ammonia and not shaking 
too long in the first extraction. 

Under the conditions described already, the ex- 
traction of copper is completely accomplished with 
Pb, Zn, Ni, Co, Bi, Cd in part and sometimes Fe 
and Mn. When the carbon tetrachloride layer is 
shaken with hydrochloric acid solution (approxi- 
mately 0.01 NV) copper remains virtually unchanged 
in the carbon tetrachloride along with the greater 
part of Bi, Co and Ni. But Pb, Zn and Cd trans- 
fers into the aqueous phase. This treatment has 
already been recommended by several workers®,<'% 
as successful in separating copper from Pb and Zn. 

Interfernece.—This reagent, though it has been 
widely used for copper determination, is not ex- 
clusively reactive with copper, but reacts with 
such metals as Bi, Fe, Mn, Ni, Co and Cr forming 
colored complexes and with Zn, Pb, Mg, Cd, Sb, 
Sn and Al becoming turbid. Under the conditions 
recommended, such metals as the majority of the 
elements mentioned above form dihizonates, but 
Sb, Sn, Ti, Al and Cr do not react with it. 

Among the elements extracted as dithizonates, 
Zn, Pb and Cd separate perfectly into the acid 
solution being isolated from copper by the treat- 
ment with 0.01N hydrochloric acid, The amounts 
of Fe and Mn extracted are extremely small 
owing to the addition of citrate which prevents 
its reaction with dithizone. 

Thus the interference due to the presence of the 
elements except for these above mentioned must 
be considered. But the interference due to Bi or 
Hg are practically not encountered because of 
their scarcity in biological matters, though there 
are a few exceptions. In a former report“ the 
sensitivity of Mn, Co, Ni, Bi, Zu, Pb, Fe and Ti 
were reported by the author and permissible 
amounts in determination werediscussed. In practi- 





“(12) P. L. Hibbard, Jnd. Eng. Chem., Anal. Ei., 
10, 615 (1933). 

(18) Y¥. Murakami, This Bulletin, in. press. 

(14) L. A. Haddock and E. Evers, Analyst, 57, 
495 (1932). 

(15) Y.. Morita, J. Chem. Soc. Japan, in press. 
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cal use, no serious interference were found under 
the desirable conditions. It is not necessary to 
mention here the use of dithizone as its use was 
studied thoroughly by many successive workers 
and already proved to be the best. 

Reagent and Apparatus.—Practical precautions 
regarding apparatus and some reagents were pre- 
sented in a former report. Therefore some descrip- 
tions of reagent except them will be given here. 

Perchloric acid, 70%, analytical grade. Hydro- 
fluoric acid: it is best purified by distillation with 
platinum apparatus. Sodium citrate, 10% solu- 
tion: Add 36g. of sodium hydroxide to 63g. of 
citric acid (monohydrate) and dilute to 1000ml. 
On the recommendation by Sandell it can be pu- 
rified. Dithizone, 0.01% solution. Aimmonia, sat- 
urated. Hydrochloric acid (1:1). Hydrochloric acid 
0.0LN. Sodium diethyldithiocarbamate, 0.1% 
solution. Hydroxylamine, 4% solution. Carbon 
tetrachloride. Separatory funnel, about 30 ml. 
capacity. Silica dish. 

Procedure.—Weight 0.0lg. to 0.0l5g. ash into 
a silica dish and add 10 to 15 ml. of hydrochloric 
acid (1:1). (If the sample is particularly abundant 
in silica, add 0.3 ml. of 70% perchloric acid and 
1 ml. of hydrofluoric acid (1:1). Maintain the tem- 
perature constant till the dish becomes dull red. 
Continue heating untill the solution was evaporated 
up and the excess of perchloric acid has been ex- 
pelled). Then add 5 ml. of water to bring all 
soluble matter into solution by gentie heating. 
Repeat this procedure if necessary. 

Next add 5ml of 10 per cent sodium citrate 


and add drops of saturated ammonia untill the 
solution becomes alkaline to the litmus paper re- 
action and continue to add an excess of 0.2 ml. 
If the solution becomes noticeably turbid on the 
addition of ammonia, it is well to let it stand for 


a while before beginning the filtration. Filter the 
solution through a small filter paper of medium 
texture: transfer any residue in the dish to the 
paper and wash three or four times with 1 ml. 
portions of cold water containing a drop of am- 
monia and citrate solution. Transfer the filtered 
solution to a separatory funnel, and 5 ml. of U.01 
per cent dithizone solution and shake for 0.5 mi- 
nute: if the carbon tetrachloride is not green at 
the end of this time, shake for more half a mi- 
nute, Allow the carbon tetrachloride to settle and 
draw it off into another separatory funnel leaving 
a few drops in it to prevent loss of aqueous solution- 

It is important that the separated carbon tetra- 
chloride be free from droplets of aqueous solution. 
Iron so introduced will oxidized the reagent and 
became the cause of difficulties in the determina- 
tion. Unless the separated carbon tetrachloride 
is distinctly green, showing that an excess of rea- 
gent is not present, add another 5 ml. portion of 
0.01 per cent reagent to the aqueous solution and 
shake vigorously for 50 to 40 seconds. Draw it 
off and continue in this manner untill the last 5 
mj]. of dithizone remains distinctly green after 
being shaken vigorously. 

To separate copper add 10 ml, of 0.01 N hydro- 
chloric acid to the combined extracts and shake 
vigorously for one minute. If the carbon tetra- 
he Sride remains red on shaking and does not 
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become greenish or purple, add sufficient dithizone 
solution to change the red to a bluish or purplish 
color which recombine copper liberated on this 
treatment. Draw off the carbon tetrachloride layer 
into another separatory funnel and shake vigorously 
for two minutes with 10 to 12ml of 0.01N 
hydrochloric acid. Run the carbon tetrachloride 
into a silica dish, discarding the aqueous solution 
in which zinc, lead and others may be present. 
Evaporate the solvent on a waterbath till dry, 
add 3 or 4 drops of nitric acid (1:1) to moisten 
the residue. 

Then evaporate and ignite gently to destroy all 
organic matter. To the cold dish add one ml. of 
hydrochloric acid (1:1) and rub the interior of the 
dish by means of a glass rod so that all the cupric 
oxide will be dissolved. Add 10 ml of water, 
transfer into the separatory funnel and rinse thor- 
oughly with some water. Make the solution ‘al- 
kaline with ammonia to litmus paper and add 
the excess of 0.2 ml. ammonia solution, Then 
add 2 ml. of 4 per cent hydroxylamine solution 
and next 10 ml, of 0.1 per cent sodium diethyl- 
dithiocarbamate solution. It becomes instantly 
golden yellow due to the copper. Shake vigorously 
with 7 ml. of carbon tetrachloride and draw it 
off into a 25 ml, volumetric flask after leaving it 
to settle. Leave a few drops of the carbon tetra- 
chloride to prevent mixing of the aqueous solution 
and rinse the stem of funnel with 2 ml. of carbon 
tetrachloride. In this extraction the stem should 
be perfectly dried. Then shake again in the same 
manner as before. Usually two shakings are suffi- 
cient to extract completely the colored matter. 
Then fill to the mark with carbon tetrachloride and 
measure the extinction with Pulfrich Photometer 
using S 43 Filter (434my). Ifthe final volume is 
reduced to less than 25 mL, then less than 5; of 
copper can be determined with fair results, 

Accuracy and Reporducibiliiy.— As reported 
already, the’ application of hydroxylamine has 
increased the sensitivity of the reagent because 
the extraction can be completely carried out and 
proved that it holds closely to the Lambert-Beer’s 
law and the range of error lies within +5% 
according to the amounts of copper (57 to 207) in 
25 ml, carbon tetrachlolide solution. In this report, 
to examine the separation and extraction with 
dithizone, biological matters with known amounts 
of copper were tested as shown in Table 1, proving 
that this new method can be used as a sufficiently 
accurate and simple method for application. 


Table 1 

Reproducibility 
Copper found, Content, 
T % 
7.99 0.0080 
7.96 0.0079 
59.22 0.0603 
57.46 0.0603 
6.11 0.0074 
6.39 0-0078 


Sample E* 


0.320) 
0.321 
0.698) 
0.693 
0.245) 
0.257 

* E: Extinction coefficient 

(a) When the cell of 50 mm. thickeness was 
used (final volume 25 ml.). 

(b) When the cell of 30mm. thickeness was 
used (final volume 50 ml). 


Spinach 1.0087 ¢ 


Burdock 0.9521 g 


Bone dust 0.8232 g 
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Results.—The copper content of some bio- 
logical matter was determined closely following 
the new method proposed above (Table 2). 


Table 
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can be determined in two hours -or less after 
bringing the sample into solution. The experi- 
ments already related has proved that it is 


9 


a 
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Ash E 
taken, g. (50 mm.) 


0.0328 0.064 


Sample Ash, % 


Rice (Japan) — 0.78 


0.0444 
0.1004 
0.0775 


0.426 
0.321 
0.065 


Rice (Burmese) 0.84 
Spinach 16. 
Potato F 
Carrot 5. 0.0121 0.294 


0.6930 


~ 


Burdock 0.0952 


0.0915 
0.0674 
0.1015 
0.08238 
0.0670 


0.190 
1.083 
0.181 
0.251 
0.180 


Soy bean 
Cabbage 

Fish meal 
Bone dust 
Bone dust 


ao + 


nook 
“Now Ut 


Though a remarkable amount of copper was 
found in many of the samples, the above 
experiments were not performed for the purpose 
of obtaining results form such a study. The 
above was conducted strictly and quantitatively 
to determine the use for which this method 
is valid. 


Summary 


The new method for the determination of 
a minute amounts of copper in biological mat- 
ters by extraction with dithizone and coloration 
with sodium diethyldithiocarbamate has been 
tested. By the adaption of this method, copper 


10.60 
-99 0.0080 
.59 0.0021 


Cu found, Cu in ash, 
rT 
1.58 


o Remarks 
7/0 


0.0048 Saitama Prefecture (1943) un- 


cleaned rice, 2nd class, 
Basein Dist.(1943) 
Chiba Pref. March, 1943 


Dehydrated, Saitama Prefecture 
June, 1943 


Dehydrated, Saitama Prefecture 
Autumn, 1945 


Dehydrated, Chiba Prefecture 
Autumn, 1943 


Manchuria 
Dehydrated 


0.0024 


0.0061 
0.0606 


0.0052 
0.0400 
0.0045 
0.0076 
0.0066 


one of the most accurate methods in comparison 
with other methods which have been used. As 
recent studies are throwing light upon the 
biological action of copper, a more accurate 
method for copper determination is sought by 
chemists and biologist interested it this prob- 
lem. This new method will fulfil its mission 
in being of invaluable importance in this 
respect. 


The author wishes to take this opportunity 
to express his hearty thanks to Prof. Kenjiro 
Kimura for his kind guidance and invaluable 
advices throughout this study. 

Chemical Institute, Faculty of Science, 
the University of Tokyo, 
Tokyo 


Studies on Foams. V. The Effect of Electrolytes on Triphenyl 
Methane Dye Solutions 


By Masayuki NAKAGAKI 


(Received January 31, 1950) 


It is usually considered that a solution of 
alkaline nature, in general, produces much 
foams when it is shaken, while the acidic one 
does not foam. This is supposed to be due 
to the action of the minute quantity of soap 
produced by the saponification of acidic mat- 
ters in dirts. For example, Goette-?’ described 
that some oily dirts contains 31.4% of fatty 


(1) E. K. Goette, J. Colloid Sci., 4, 459 (1949). 


acids, the mean number of carbon atoms of 
which being 38. It may be considered that 
the solution containing organic amines will 
produce more stable foam in acidic solution 
than in alkaline one. From this standpoint, 
the effects of electrolytes on the foam forma- 
tion of triphenyl methane dye solutions were 
studied. In the present experiments, the ef- 
fects of sodium chloride, hydrothloric acid and 
sodium hydroxide on the foaming ability of 
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brilliant green and crystal violet solutions have 
been determined. 

One gram of the each dye (Merck’s sample) 
was dissolved in one litre of water, respectively. 
After keeping it on standing for one week, the 
electrolytes were added and the concentration 
of dye was adjusted to 0.8 g. per litre. The 
method of experiment has been described in 
the preceding report. Twenty cc. of solution 
was taken in a test tube of 40cc. capacity, 
and shaken up and down for 300 seconds. 
The height of maximum foam zone, Am, and 
the reciprocal of the mean velocity of foam 
collapse in the initial 80 seconds, 7, were de- 
termined. The foaming ability, F, of the solu- 
tion is defined as the products of A, and Tf. 
Surface tension was measured by du Nouy’s 
tensiometer and recorded as the specific surface 
tension relative to the solution containing the 
same concentration of electrolyte: y//;. Meas- 
urements were undertaken at the room tem- 
perature (27°). The results obtained for crystal 
violet are depicted in Fig. 1. An analogous 
curve is obtained for brilliant green. 


—4+ —3 

log C 
Fig. 1.—Crystal violet, ©, NaCl; 
x, NaOH 


—h 


—5 


4, HCl; 


The surface tensions of the solutions of both 
dyes decrease by the addition of sodium chlo- 
ride, while the foaming ability shows a maxi- 
mum point at the concentration of 0.0856 N 
sodium chloride. In the cases of hydrochloric 
acid and sodium hydroxide, the surface ten- 
sions increase with the decrease of pH value, 
and the foaming abilities become maximum 
at 0.0917 N hydrochloric acid. The foam of 
the electrolyte solution is by far the less stable 
than that of the solution containing dye. 

The dye, in general, is a colloidal electrolyte 
and forms micelies in its solution. This was 
suggested, for instance, by Pauli and Lang“ 
from the results of measurements of electrical 
conductivity. The dye micelles are considered 
to exist in an equilibrium with the single ions 
of dye in the solution. It has been reported 


(2) M. Nakagaki, this Bulletin, 28, 47 (1950) 
a W. Pauli and F. Lang, Monatsh., 67, 159 
( ). 
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in the foregoing paper,“ that the foam forma- 
tion of the solution is closely connected to the 
molecular structure of the dye molecules and 
its surface activity, and the foam formation is 
mainly influenced by the portion dispersed as 
single ion. This conciusion was obtained by 
the comparison of foam formation of dyes 
having various molecylar structures. In order 
the variation of foam 
formation of one dye in detail, the displace- 
ment of equilibrium, (micelle) == (ion) should 
also be taken into consideration. 

The variations of foam formation and sur- 
face tension by electrolytes are accounted by 
the displacement of equilibrium and by the 
change of surface activity, as described in the 
preceding paper.? The displacement of equi- 
librium by neutral electrolytes is understood 
as a preceding phenomenon of coagulation. 
These dyes precipitate at about 0.9 N of sodi- 
um chloride. 

In order to account for the effects of acids 
and alkalis, both of the change of pH of solu- 
tion and the structural change following to it 
should be taken into consideration. For exam- 
ple, the color change of congo red by the 
variation of pH was attributed by Wo. Ost- 
wald® to the change of particle size. Later, 
A. Hantzsch® accounted it with the structural 
ehange of dye ion. The latter conception has 
been widely accepted. The change of structure, 
therefore, should be taken into account, when 
dye changes its color with the variation of pH, 
Such a structural change will affect the equi- 
librium between micelle and ion, and the foam 
formation will accordingly change. 

The change of electrical charge and molec- 
ular structure of crystal violet have been dis- 
cussed conclusively by Adams and Rosenstein‘? 
by means of absorption spectra. According to 
them, dye ions having electrical charge 0, +1 

2, +3 and + 4 are colorless, violet, yellow, 
green and colorless, respectively. These ions 
coexist in chemical equilibrium in the solution, 
When pH of solution decreases, the mean value 
of electrical charge increases. ' 

The surface activity of dye ion increases, as 
stated in the preceding paper,“ when the hy- 
drophilic character becomes weaker or hydro- 
phobic character becomes stronger. Since the 
radical having an electrical charge has the 
strong hydrophilic character, both of the hy- 
drophilic property of ion and the surface ten- 
sion of the solution increase when pH of solu- 


to explain, however, 


(4) M. Nakagaki, this Bulletin, 22, 200(1949), 

(5) Wo. Ostwald, Kolloid-Z., 10, 97; 132 (1912); 
24, 67 (1919). 

(6) A. Hantzsch, Kolloid-Z., 15, 79 (1914); Ber., 
48, 158 (1915). 

(7) E. Q. Adams and Rosenstein, J. Am. Chem. 
Soc., 36, 1452 (1914). 
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tion becomes smaller. This conclusion coinsides 
with the data cited in Fig. 1. The foam for- 
mation may be accounted under the considera- 
tion of the shift of equilibrium (micelle) — (ion), 
and of the variation of surface activity of dye 
ion. The equilibrium displaces to ion side when 
the hydrophilic character of ion increases. 
Since the foam formation of solution is thought 
to be mainly contributed from the portion 
dispersed in single ion state, the foam forma- 
tion will increase when pH of solution de- 
creases and the hydrophilic character of ion in- 
creases. When pH of solution became small 
enough, the foam formation begins to decrease 
owing to the decrease of surface activity of dye 
ion. By these two factors, the foam formation 
becomes maximum at the concentration 0.00917 
N of hydrochloric acid. 

Analogous explanation will be valid also for 
soap solutions. The variations of foam forma- 
tion with pH for sodium salts of palmitic, 
myristic, and lauric acid are measured by G. 
D. Miles and J. Ross.‘*? A maximum of foam 


(8) G, D. Miles and J. Ross, J. Phys. Chem., 48, 
230 (1944). 
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formation has been observed on alkaline side, 
in opposition to the case of crystal violet and 
brilliant green. This is reasonable, since soaps 
are sodium salts of fatty acids and dyes are 
hydrochlorides of organic amines. " 


Summary 


Effects of sodiumi chloride, hydrochloric acid, 
and sodium hydroxide on the surface tension 
and foam formation of solutions of crystal 
violet and brilliant green were measured. By 
the addition of sodium chloride surface tension 
decreases and foam formation shows a maxi- 
mum. In the cases of hydrochloric acid and 
sodium hydroxide, surface tension increases with 
the decrease of pH and foam formation shows 
a maximum at about pH =2. These results 
were accounted by the change of surface activ- 
ity of dye ion and the displacement of the 
equilibrium (micelle) = (ion). 


Chemical Institute, Faculty of Science, 
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The Diffusion of Dye Solutions 
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Numbers of method are known by which the 
particle size of colloid is determined. Among 
these, the measurement of the diffusion velo- 
city is used espécially for the colored solution, 
since the distribution of the concentration can 
easily be estimated by the colorimetry. Dif- 
fusion methods have already been described by 
R. Auerbach,‘?? Wo. Ostwald and A. Quast,‘ 
and K. Brass and K. Eisner. These methods, 
however, contain some ambiguity in the cal- 
culation of the diffusion coefficient. In the 
present report, the results of determination of 
the particle size of congo red solutions con- 
taining sodium chloride will be described by 
using the calculation method developed by the 
author. 

The apparatus used is shown in Fig. 1 (a). 
M is the diffusion cell, made of a capillary 
tube, 10cm. in length, 0.18¢em. in inner di- 
ameter and sealed at one end. S is a rubber 
stopper.and D is another capillary tube which 


(1) R. Auerbach, 
379 (1925), 

(2) Wo, Ostwald and A. Quast, Kolloid-Z., 48, 
83 (192%); 51, 273, 361 (1930), 

(3)- K. Brass and K. Eisner, Kolloid- Beih., 37, 56 
(1933). 


lloid-Z., 35, 202 (1924); 87, 


used to make flow out the excess of the 
solution in A. The experimental procedure is 
as follows. The diffusion cell, M, is filled with 


distilled water or some other solvent and then 
7 


was 


own into the dye solution, A, 
as shown in the figure. After about 24 hours, 
the cell is taken out and the diffused amount 
of dye is determined by the colorimetry. The 
standard solutions are prepared by diluting the 
A number of capil- 


dipped upside-« 


original dye solution 
lary tubes which 

have the same 
thickness with M 

are filled with 

the standard so- 
lutions. One of 

the tubes, N, is 
placed side by 

side with M as 
shown in Fig. 1 

(b) and the 

colors are com- (a) 
pared. The po- 

sition of the color 

of the same intensity in the tube M with the 
standard soiution is found by this way. The 
distribution of the concentration o] dye in the 
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tube M is determined by using the standard ~ 


solutions of various dilutions. 

The relation between concentration ¢ and the 
diffused distance xz is expressed by Fick’s equa- 
tion 

oe 


= = D, (1) 
ot o/7 


where D, is the apparent diffusion coefficient, 
and ¢t the time. D, is considered as a constant. 
This equation is solved under the initial and 
and boundary conditions: 


at t= 0 anda¢>Q0, 
t=>0 and « = 0, 


c = 0, 


and at C = Co, 


and the result, 


where »=Cc 


and P(v) is defined as follows: 


1/v = c/ey 


og 1/(2. 9) ee < 
= 1—-— (2/,/z if exp. (—&*)d&. (5) 
0 


The value of g(v) has been calculated as a 
function of v by R. Furth’? for v=2. The 
value of P(v) for v <2 was newly calculated 
and tabulated in Table 1, together with that of 
R. Furth. It should be noticed that the value 
Py = 3.80 for v = 1 used by Wo. Ostwald and 
A. Quast and A. Nistler is entirely faulty. 

An example of data obtained for congo red 
solution is given in Table 2. It is seen that 
the apparent diffusion coefficient D, varies with 
the concentration at distance z. Referring to 
other data, it is seen that the apparent diffusion 
coefficient varies also with the concentration. 


Table 1 
The Value of g(v) 
¢(v) v g(v) g(r) 
2° ‘ 1.25 - 185 
2 2 1.099 . 166 
-26 i 0.532 147 
5.30 0.379 142 
-73 0.308 -120 
2.68 0,262 : 0.107 
-09 7 0.234 0.0931 
1.71 0.212 0.0854 
.8 1.47 0.197 


ee ee ee ee) 


Since the diffusion coefficient D is a function 
of concentration, Fick’s equation should - be 
written over again as follows: 


= = = (p o ) . (6) 
ot ox OL 
(4) R. Firth, Phys. Z, 26,719 (1925); Kolloid- 


Z., 41, 300 (1927). 
(5) A. Nistler, Kolloid-Beih., $1, 1 (1980). 
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Referring to the calculation of R. Farth™ and 
using the initial and boundary conditions of 
Eq. (2), this is solved as 


1 - e 7 


Vv Co 


jepyn!\an 


2Dyin\an’ 


(7) 
Table 2 
Diffusion of Congo Red in Distilled Water 


Concen- Dis Apparent Differential 
ath is- 8 te . - 
tration diffusion diffusion 
: tance a 7 
at dis- diffuse coefficient, coefficient, 
tance, x re D, D 
a om > 10-fem,.?/ 10-*cm.?/ 
c,g./l. wv ‘ sec. sec. 
0.0231 44 0.0965 -14 2.25 
0.02458 40 0.100 12 20 
0.0675 15 0.147 -05 22 
0.1012 10 185 99 22 
0.1265 #8 212 00 2.21 
0.1519 6. -240 .O1 2.20 
0.2531 4 349 94 ?.19 
0.3374 3 At 4 76 2.16 
0.5062 2 099 .46 2.22 
0.6327 1.6 2.09 .34 2.10 


ed, 


~~ eS me eS ro be tS be bo 


0.23 
Concentration of original solution: co = LO12 g./1. | 
Temperature: 7’ = 25°C. 

Time of diffusion: ¢ = 0.823 x 10° sec. 

a = 1.587; 8= 0.277; D, = a? = 2,36(10-em.2/sec.). 


where D is considered as a function of a param- 
eter >. D is often cailed as “ differential” 
diffusion coefficient. Now, this equation may 
be rewritten in the form: 


1 da {° 
. rde. (8) 
2t de 0 


From the experiment described above, ¢ is ob- 
tained as a function of z, and D can be cal- 
culated. Since the numerical calculation is, 
somewhat troublesome, some other 
device is desirable. One method may be to 
recalculate the apparent diffusion coefficient to 
differential diffusion coefficient. As shown in 
Fig..2, where the data of Table 1 was plotted, 


D=- 


hx ywever, 


Fig. 2. 
the empirical formula 


is approximately valid. Then, Eq. (8) be- 





1 


comes to 
as RE 
a x 


rt 2 
(10) 

The differential diffusion coefficient calculated 
from this equation decreases with the increase 
of the concentration at distance g, though it is 
not affected with the concentration of original 
solution. Such a variation of differential dii- 
fusion coefficient is usually thought to be due 
to the decrease of activity coefficient of solute 
with the increase of its concentration, and 
Einstein-Sutherland’s equation 


1 
—exp. {1/4 P) 
v 


RT 
N-62nr 


D= (11) 
is valid only for the infinite dilution. In this 
equation, R is the gas constant, T is the ab- 
solute temperature, N is Avogadro’s number, 
» is the viscosity of solvent, and r is the radius 
of the diffusing particles. The diffusion coef- 
ficient at infinite dilution Dy is given by 


Dy = a. (12) 


For congo red solution at 25°, the values for 
Dy were found as: 2.46 x 10~° cm.?/sec. for orig- 
inal 5.062 g./l., 2.45 x 10-6 
em.?/sec. for * 8.087 g./l,, 2.86 10~* cm.?/sec. 
for 1.012 g./1., and the average 2.42 x 10~® cm.?; 
sec, (+ 3%). 

The effect of diffusion potential should be 
considered on the diffusion of colloidal electro- 
lyte. When a colloidal electrolyte diffuses, 
counter ions go faster than colloidal ions, and 
diffusion potential is established. This acceler- 
ates the diffusion of colloidal ions. Extremely 
large diffusion coefficient is, therefore, obtained 
for entirely pure colloidal electrolyte in pure 
water. Such a diffusion potential can be eli- 
minated if neutral salt, or “ supporting electro- 
lyte”, is added in the diffusion column, as 
stated by G. S. Hartley and C. Robinson,“ 
C. Robinson,“ E. Valké,‘® and S. Lenher and 
J. E. Smith.” But the addition of electrolyte 
may cause the aggregation of colloidal parti- 
cles, so the estimation of particle size by dif- 
fusion is a delicate matter. 

The diffusion coefficient of congo red solution 
in presence of sodium chloride was measured 
and the result is cited in Table 3, where Dy is 
the differentical diffusion coefticient at infinite 
dilution, and particle radius r is calculated 
from Eq. (11). Molecular weight M is cal- 


concentration of 


(6) G. 8. Hartley and C. Robinson, Proc. Roy. 
Soe, (London), A 184, 20 (1932). 

(7) ©, Robinson, Proc. Roy. Soc. (London), A148, 
681 (1935); Trans, Faraday Soc., $1, 245 (1935), 

(8) E. Valk6, Trans, Faraday Soc., 30, 231 (1935). 

(9) S, Lenher and J. E. Smith, J. Phys, Chem., 
40, 1005 (1936). 
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culated from the equation 


Mf a . nr3.Nd (18) 


where NW is Avogadro’s number and d is the 
density of the particle assumed to be d = 1.5. 
Dividing the molecular weight by the formula 
weight of congo red, 696, the degree of asso- 
ciation is obtained. Diffusion data for pure 
congo red solution without sodium chloride, 
obtained by many investigators, are, cited in 
Table 4. E. ValkO and C. Robinson used 
extremely purified congo red and conductivity 
water, so that very large diffusion coefficient 
was Obtained, and other authors used usual 
distilled water and obtained somewhat smaller 
values, which coincide with that in Table 3. 
Referring to these data, it is supposed that the 
diffusion potential may be reduced by the 
existence of only a trace of electrolyte. From 
this standpoint, it can be supposed that the 
decrease of diffusion coefficient by the addition 


Table 3 


Particle Size of Congo Red (18°C.) 
Diffusion 
jontion ee As ioe 
of NaCl, 19-6e0,2) 
N U-* cm,*/ A. 
sec. 
2.16 9.2 3100 
- L002 .80 ll. 5100 
- 2004 - 67 ll. 6300 
. 3006 44 13. 9300 
- 4008 12 17. 20000 
-5010 0.96 19. 30000 
Concentration of congo red in original solution 
is 3.202 g./1. 


Concen- Degree 


of asso- 
ciation 


Molecular 
weight, M 


Table 4 


Diffusion of Congo Red 

Tem- Diffusion er 

per- coeffiient, Particle 

ature, 10—®cm,?/ - : 8, 
°C, sec, 


20) 0.81~1.16 24.1 ~18.2 


Observers 


Wo. Ostwald and 
Quast . 

A. Nistler© 

Herzog and Polo- 
tzkyO™ 

Firth and Ull- 
mann(!) 

3.78~ 3.23 Valko® 

3.74~ 3.73 Robinson® 


18 0.94~1, 0 ~wl5. 
3.9 0.78~1.26 18.3 ~11.3 
1.56~1.85 12.6 ~10.6 
6.68~7.75 


5.67~5.68 


of sodium chloride may be due to the associa- 
tion of particles. The increase of association 
degree is initially gradual, and then a rapid 


(10) R. O. Herzog and A. Polotzky, Z. physik. 
Chem., A 87, 449 (1914). 

(11) R. Firth and E. Ullmann, Kolloid-Z,, 41, 
304 (1927), 
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increase bigins when the concentration of so- 
dium chloride exceeds about 3 N, and at last 
precipitation by coagulation is observed. No 
tendency to minimize the particle size by a 
small addition of electrolyte was recognized. 
Such a peptization effect has been reported by 
W. Schramek and E. Gotte,“” and contra- 
dicted by many authors. 

In order to discuss the particle size from 
diffusion data, some other factors should also 
be considered; for example, the shape of par- 
ticle, the distribution of particle size, and so 
on. As an approximate treatment, however, 
the discussion described above will be sufficient. 


Summary 


The apparent diffusion coefficient of congo red 





W. Schramek and E. Gitte, Kolloid- Beih., 
84, 218 (1932), 


(12) 


The appearance of a kind of diffusion po- 
tential caused by thermal separation or thermal 
diffusion potential in solid systems“? was 
pointed out by Wagner. The similar phenom- 
enon in aqueous systems, though expected 
theoretically, seems not to have been observed. 

The present writer made a series of experi- 
ments on a number of electrolytes in aqueous 
solutions with a thermal diffusion apparatus of 
Clusius and Dickel type, and observed, inde- 
pendently of Gillespie and Breck,“ an anom- 
alous phenomenon, i.e., so-called “negative 
effect” or enrichment of some ions at the 
hotter region of the apparatus in the mixed 
electrolyte solutions.» By his investigation 
continued thereafter,“ it seemed probable that 
the effect was brought about by a kind of 
potential produced by the difference of thermal 
diffusion velocity of each ion. An experimental 
basis of this proposition was the absence of the 


(1) C. Wagner, Ann. der Phys, (5) 8, (1929); 6, 
370 (1930). 

(2) L, J. Gillespie and S, Breck, J. Chem. Phys., 
9, 370. (1941). 

(3) K. Hirota, this Bulletin, 16, 232 (1941); 
J. Chem. Soc. Japan 68, 105 (1942). 

(4) K. Hirota, J. Chem. Soc. Japan, 64, 112 
(1948); cf. Chem, Absi., 41, 3346 (1947). 
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On the Anomalous Thermal Diffusion Observed in Mixed Electrolyte 
Solution 
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in water, obtained by Auerbach-Ostwald’s 
method, changes with concentration. Solving 
the Fick’s equation with the assumption that the 
diffusion coefficient is a function of concentra- 
tion, the apparent diffusion coefficient can be 
recalculated to differential diffusion coefficient. 
From the value extrapolated to infinite dilu- 
tion, the particle radius of congo red was cal- 
culated using Einstein-Sutherland’s equation. 
On the assumption that the particle is spher- 
ical and not hydrated, the particle weight and 
association degree were obtained. The diffu- 
sion coefficient, obtained by this method for 
congo red solution containing various concen- 
tration of NaCl, agrees well with the data re- 
ported by others. With the increase of salt 
concentration, the particle size increases grad- 
ually. No decrease was observed in the parti- 
cle size with a small addition of electrolyte. 


Chemical Institute, Faculty of Science, 
the University of Tokyo, Tokyo 








mutual effect when a non-electrolyte, such as 
urea, was added to sodium chloride or when 
sulfuric acid, having the same degree of thermal 
diffusion velocity, was added to the solution 
of hydrogen chloride. Finally, though quali- 
tatively, the mechanism was theoretically sup- 
ported after the method of Abegg and Mose° 
who, introducing the idea of diffusion potential, 
could derive the change ot diffusion velocity 
of an electrolyte by the uniform addition of 
another electrolyte, but the negative effect could 
not be derived. 

Recently, Guthrie, Wilson and Schomaker“® 
made a theoretical formulation of the separa- 
tion of solution in general with the same idea 
of thermal diffusion potential even in the case 
when the Clusius-Dickel’s separation column 
was used. Thus the treatment of G. W. and 
S. is much valuable to the discussion about 
the anomalous effect mentioned above. 

According to Guthrie and others, separation 
ratio of AX-BX type, Ra, which is defined by 
the ratio of the concentration of A ion at the 
bottom of the separation apparatus to that at 


(5). Abegg and Mose, Z. physik. Chem., 80, 545 
(1899); W. Nernst, Z. phyik. Chem., 2, 613 (1888). 
(6) G. Guthrie, J. N. Wilson and V. Scho- 
maker, J. Chem. Phys., 17, 310 (1949). 
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the top, is given by 


sa 


} 
\ 


Ra (ta +ttz)RazCat [ (tater) (te, 4-Un) Ran 


1 
(la +tx)Cat- (Uy 4- tr ey 
(1) 


Cy, 
—tag(u,+uz) Raz] x 
Ux 


where Raz and R,, are the separation ratios of 
AX and BA, respectively, while u; is ionic 
mobility of i-ion and ¢,g and ¢,, concentrations 
of AX and BX, respectively. 

Applying the formula to HCl-NaCl and HCl- 
NH,Cl systems, G. W. and S. could derive the 
negative effect with much success. However, 
as these systems are only a special part of 
writer’s data, it will be interesting to extend 
the check of the formula over the other systems 
when the concerned electrolytes are different 

Ta 

Summarised Results f 

Expt. Concentration 
> 


HC] (A)-NaCl (B) 
L 0.50 


A(obs.) A 


» 


I. 


50 1.34 


0.050 580 ©=-1.47, 


0.35 34 1.47, 


0.130 2.79 


54 


5 2 


0.0186 -65 


NH,Cl (A)-NaCl (B) 
6 0.01 0. 


i 1.00 0. 


HCl (A)-NH,Cl (B) 
8 0.50 0. 


NaOH (A)-NaCl (B) 
9 0.044 0.089 


Calculated values not in parentheses are 


96 
50 42 


1.42 


1.22 for HCl, 1.047 for NaCl, 1.010 for NH 


theses by use of A;’s in the last column of 


" R&R, at the third hour is used. 


**) Slight difference of the calculated values 
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b) The separation ratios of both components 
increase: NaQH-NaCl. 

The separation ratios of both components 
decrease: H,SO,-Na,SO,. 

The separation ratio of one component 
ion increases and that of the other and of 

‘ the same electric sign decreases: NaOQH- 

Na.CO3;; HCl-NaCl; HCl-NH,Cl; NaCl- 
NH,Cl. 

Among these systems, it is unnecessary to 
discuss on a), while the system having, at least, 
one bivalent ion is not suited for the check of 
Eq. (1), due to the marked change of activity 
by the existence of other ions. Therefore, the 
following systems, HCl- NaCi, HCl- NH Cl, 
NaCl-NH,Cl and NaOH-NaCl will be dis- 
cussed. The calculated result, as shown in Table 
1, is obtained from the following constants. 

The ionic mobility at 50° used in the cal- 


me) 
Cc} 


d) 


ble 1 


or the Check of Eq. (1) 


Separation ratio**? 


Remark 


(cale.) Bobs.) Beale.) 


-39 0.97 0.96 
f 1.02 
(1.03) 
f 1.01 
\ (1.02) 
s 1.08 
\(.05) 
f 1.04 
(1.06) 


‘51 1.02, 


‘OF 1.08, 
1.05, 


1.055 


f 1.06 
\ (1.05) 


1.06 


1.04, 


1.05, 


-46 0.89 0.86 


1.75 1.13 0.83 


determined by use of R;’s of one normal, i.e., 
«Cl and 1.30 for NaOH, while those in paren- 
the table. 


from the values of Guthrie and others (Nos, 1 


and 8) will be due to the difference of ionic mobilities used in the calcuiation. 


or when the concentratiohs of both electrolytes 
are not equal, as will be done in the present 
note. 

It is found by the writer that mixed solu- 
tions, having one ion in common, can general- 
ly be classified into following four categories, 
according to the change of separation ratio of 
each component as a result of mixing. 

a) . The separation of the components is in- 

dependent of each other: HCl-H,S0,; 
Urea-NaCl. 


culation is: H* 450, Cl- 116, NH,* 115, Na* 
82 and OH- 280. The separation ratios 
adopted in the table are those at the second 
hour, except the case of Expt. No. 7, though 
the values extrapolated to the infinite hour are 
more desirable from the theoretical reason. 
This is partly due to the convenience of com- 
paring the results with those of G. W. and §. 


(7) Interpolated values taken from Landolt- 
Bornstein’s Table, 
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Separation ratio of each component electrolyte 
of one normal is identified with R; of mixed 
electrolyte solution: i.e., HCl 1.22, NaCl 1.047, 
NH,Cl 1.010 and NaOH 1.30. It may be a 
matter of discussion that such a constant value 
of R; is adopted throughout all the systems 
inspite of their conspicuous dependency on con- 
centration. 

In order to restrict the argument concerning 
the ambiguity in question, the concentration 
dependency upon R; of hydrogen chloride, so- 
dium chloride and ammonium chloride is de- 
termined with the same apparatus, the result 
being shown in Table 2. 


Table 2 


Separation Ratio at the Second Hour of 
Hydrogen Chloride, Solium Chloride and 
Ammonium Chloride 

Concn., 
NH,Cl 

(Normal) 


Concn. 
NaCl 
(Normal) 
0.010 
0.025 


Concn. 
HCl 
(Norma!) 


0.010 .19 
0.029 .16 
0.037 old 
0.100 
0.300 
0.500 
1.000 


Ruci Ryaci Ryu. 


1.041 
1.042 0.020 


0.100 1.044 0.100 


1.000 
2.91 


1.047 
1.065 


1.00 
3.06 


1.010 
1.007 


It is noteworthy that in these concentration 
range there is no possibility of the negative 
effect regarding NaCl and NH,Cl. Thus the 
argument against the proposition of thermal 
diffusion potential by ascribing the effect to 
the concentration dependency of the electrolyte 
concerned may be disappeared. 

It can be said that the agreement is good 
when the concentration of both component is 
equal (Nos. 1, 6, 7 and 8 in Table 1), and that, 
besides the systems of HCl-NaCl and HCl- 
NH,Cl, the negative effect is confirmed in NaCl- 
NH,Cl system (No. 7) which is devoid of HCl. 
The situation is theoretically not wonderful, 
because with respect to thermal diffusion ve- 
locity which is nearly proportional to (Sep. 
ratio —1) owing to the narrow annular space 
of the apparatus used, sodium chloride is much 
larger than ammonium chloride, contrary to 
ordinary diffusion velocity. 

On the other hand, the agreement becomes 
fairly worse when their concentrations are not 
equal (Nos. 2, 3, 4 and 5). Such deviation 


(8) The specification of the apparatus used: 
equidistance annular space, 1.5mm.; its length, 


94cem.; volume of reservoirs, 23cc.; higher tem - 
perature 76°,; lower temperature 25°. (cf. this 
Bulletin, 16, 475 (1941). 


On the Anomalous Thermal Diiffuson 109 


can be ascribed to the assumption of fixing R; 
independently of concentration. Really it is 
found that by adopting such proper R;’s de- 
scribed in the last column of Table 1, the 
degree of coincidence is improved very much in 
every system except No. 3. 

The unexpected positive effect of Cl--ion, 
perfectly opposite to the theory, in NaOH- 
NaCl system cannot be explained by the above 
formula. It seems possible that this phenom- 
enon is due to the concentration effect which, 
however, cannot be checked owing to the ab- 
sence of data regarding sodium hydroxide. 
Nevertheless, it can generally be concluded that 
the system belonging to categories b) and c) 
cannot be derived from the theory, i.e., the 
theory can derive only the system belonging to 
the categories a) and d). Because, transforming 
Eq. (1), we obtain 


Cr(tiy+tte)(Rav—Rra) . ta 


R = Raz 
. * Ca(ta 1-Ux) +¢y (uy 4- Ue) Ue 


, 
(2) 
it is clear that the ion of larger R; increases 
and that of the smaller and of the same elec- 
tric sign decreases by mixing two electrolytes 
which have the same ion in common. Thus 
the result might be ascribed to an effect of 
non-electrical interaction of ions, but it seems 
now that further experimental study is required 
before the attempt of detailed discussion on 
the systems of category b).“ 

However, it may be said that the occurrence 
of the thermal diffusion potential is reasonable 
by the description hitherto made and also that 
the negative effect is a particular case of such 
electric interaction between ions. 


Summary 


The application of the theoretical formula of 
Guthrie and others on the “negative effect” 
of thermal diffusion which was found by the 
writer is extended to the new data. The agree- 
ment of the theory with experiment is good in 
the systems of HCl-NaCl, HC]-NH,Cl and NaCl- 
NH,Cl, even when both components are of 
unequal concentration. However, in the sys- 
tem of NaCl-NaOH, the theory is perfectly 
failed, the reason being unknown. 


Research Institute of Applied Electricity, 
Hokkaido University, Sapporo 


(9) There is another possible point of discus- 
sion concerning the “ forgotten effect” in the Olu- 
sius’ apparatus, as shown by de Groot, Hoogen- 
straaten and Gorter (Physica, 9, 923 \1942).] This 
effect seems not to be able to explain the anom- 
aly of this system, as a result of simplified 
cal¢ulation attempted by the author. 
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Ill. The Equation for the Current-Voltage Curve of the 
Complex Ion—Especially for the Irreversible Wave” 


By Reita TAMAMUSHI® and Nobuyuki TANAKA 


(Received February 20, 1950) 


The polarographic literature contains numer- 
ous papers dealing with the behavior of complex 
metal ions, but all the discussion rests on the 
fact that the oxidation and reduction at the 
dropping mercury electrode is reversible, or 
the electrode process is controlled by the diffu- 
sion process.*? In the present paper the 
polarographic wave, especially of the irreversi- 
ble type, which is obtained by the oxidation 
and reduction of the complex metal ion at the 
dropping mercury electrode, is discussed from 
the viewpoint of the chemical kinetics. 


Derivation of the General Formula 


There are various possible types of the elec- 
trode reactions which involve complex metal 
ions, but in this treatment only the reaction, 
which consists of the oxidation and reduction 
from one ionic oxidation state to the other, is 
taken up as an example. 

The oxidation-reduction of a complex metal 
ion may be represented by 
MX ,"—”)* + ae —= MX,"—9—- * +- (p — g) XX’, 

(1) 
where X~? is the complex-forming substance. 
In this reaction there may be various cases of 
the intermediate processes, but in the present 
paper the consideration will be restricted to 
the case when the reaction occurs through the 
following three steps. 

(i) Decomposition of the complex ion, 

Ki 
MX,“—™)* =—2 M"t + px, 
Ka 
(ii) Oxidation-reduction reaction, 
KE 
M"* + ae == M 6"-) + . (3) 
KE 
(iii) Formation. of the complex ion (reduced 
type), 
ks 
MC"-®+ 4- qx~ > Mma er p (4) 
kg 
where M”* and M“-®* symbolize the simple 
or hydrated metal ions and the terms ki, k., 
no (ly Presented at the 3rd annual meeting of the 
Chemical Society of Japan, in April 1950. 
(2) Present address: Institute of Science and 


Technology, the University -of Tokyo, Tokyo. 
3) J.J. Lingane, Chem. Rev., 29, 1 (1941). 


ks and kg represent the rate constants for each 
process, respectivly. «,£; and «,E, are the 
rate constants of the reduction (forward) and 
oxidation (reverse) processes and are represented 
by the equations : 


kT e—4F1/RT p—aaVF /RT 


KE, = 8 
h 


x.E. = cd e~4F2/RT et —a)V F/RT | 
otis h 
where 4F, and 4F, are the free energies of 
activation for the forward and reverse reac- 
tions, V is tke potential difference between the 
dropping mercury electrode and the interior of 
the solution, a is the number of the electrons 
which participate in the reaction, and s is the 
proportionality constant concerning the nature 
of the electrode. The value of @ is the por- 
tion of the total electrode potential which 
promotes the forward reaction. In the polaro- 
graphy, there exist the diffusion processes at 
the surface of the dropping mercury electrode 
besides the reactions mentioned above. 
According to the same method as mentioned 
in the previous paper-*? the current flowing 
can be written as follows : 


I = aeKce.o ([Co.0]° — [Cc.0]) 
= ae * ([Aco]°—[Aco]) 
Soo 
= aeK'¢.0( [Ac.o] ° — [Ac-o]) 
I = aoe (ki[Ac.o] —kz[Ao] [Ax]”) 
= at(ki'[Ac.o] —k.'[Ao]), 
ky! = ok, k.! = ok,[Ax]” 
I = ae(«1Fi[Ao] — «,E.,[Ar]}) 
I = aeo(ks[Ar] [Ax]? — kg[Ac-r]) 
=ae(k;'[An] — kq'[Ac.r]), 
ks! == ok3[Ax]*, ka! = ok, 
I = aeKc-r([Cc.r] — [Ce.r]°) 
ach oF 


Fag UACuel —C4o-#]°) 


(4) N. Tanaka and R. Tamamushi, Reports of 
the Radiation Chemistry Research Institute, 3, 20 
(1948); this Bulletin, 22, 187 (1949), 

R. Tamamushi and N. Tanaka, Reports of the 
Radiation Chemistry Research Institue, 4, 20 (1949) ; 
this Bulletin, 22, 227 (1949). 
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=aeK"'¢.n({[Ac.r] —[Ac.r]°) (9) 
= de Kx 
p—-q 
ae 2 ([Az]—[4z]°) 
JSx(p—q) 
gt 
as ** ([Az]—[Az]°) 
P—q 
In these equations, 

[Cc.o], [Cc.o]°: the concentrations of the 
oxidized complex ion at the electrode sur- 
face and in the interior of the solution. 

[Cer], [Co.r]°: the concentrations of the 
reduced complex ion at the electrode sur- 
face and in the interior of the solution. 

[Cx], [Cx]°: the concentrations of the 
complex- forming substance at the electrode 
surface and in the interior of the solution. 

[Ac.o], [Aco] °, [Acer], [Ac-r]°, [Ax], |Ax]°: 
the activities for each of the corr@éspond- 
ing terms. 

[Ao]: the activity of the ion M"* at the 
electrode surface. 

[Ag]: the activity of the ion M“-®™*+ at 
the electrode surface. 

Jeo, for, fx: the activity-coefficients of 
the oxidized and reduced complex ions and 
of the complex-forming substance at the 
electrode surface. 

o: the constant concerning the nature of 
the electrode and others. 

Let us consider the case when the rate of 
the reaction by which the reduced complex ion 
is formed from M-"-™*+ is very rapid in com- 
parison with the diffusion process of the ion. 

From these relations, the general formula for 
the current I and the electrode potential V is 
obtained as below: 


([Cx] —[Cx]°*) 


(10) 


[/ae=- 


Dividing the numerator and denominator of 

the right-hand side of Eq. (11) by K’c.0K'cr 

X ki'ks'k1E1, the relation 
kea'k,g'K2E © 

a . . 2 3 [Ac.r] 
ky ks KE, 


WT Mh? 7 
ke +( 1 + Labi blesE ( 1 
kek. R'e0 ky! keu'ks' «1 E1 


[Aco] ° 
I/as = 





(12) 


is obtained. For convenience’ sake, the ab- 


breviations, 
ky'e1Ei/k.' =[mEi], 
bg! KE »/ks! =[K2E2], 
[«,E.] / [ki] =[E£], 
[11] / [«.E.] =[E]’, 


are introduced into Eq. (12), resulting with the 


and 


K'o.rKR'o.r(kilks' 1 E1 [Ac.o] re —k,'k' «.E.[Ac.r ] : 
kiks! K'c.0K'o.r+Eiks! K'o.r (ki! +K'c.0) +2E2k,! K'0.0(kg+ K'e-r) 


een 1 1 
+ y10 . 
K'owr rt + +[E] - 
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equations, 
[Ac.1}]° —[E]} [Ac.r]° 


1 1 1 et 
+[E] 
[x1E;] +(e ) t a, . (=—*2) 
(14) 


I lae= 


[E]'[Ac.o]° —[Ac.r]° 


* +(goct 1) + ten ; +3) 
[x2E}] K'c.r k,! K'co kei! 
(14’) 
where [x1F1] and [x.E.] can be regarded as to 
represent the over-all rate constants of the 
reduction and oxidation processes at the elec- 
trode surface. That is, the over-all rate of the 
reduction process expressed by (1) is promoted 
by the terms ki’ and «,E; but retarded by the 
term k,', and, therefore, it can be expressed by 
ky'kiEi/k,'. Eqs. (14) and (14’) are the general 
formulae for the polarographic wave of the 
oxidation-reduction of the complex metal ion. 
It is mentioned here that if the solution is 
bufferized with regard to the complex-forming 
substance, then the quantity [Ax] is equal to 
[Ax]° in these equations. 
In the following section the analysis is set 
forth in two or three special cases, according to 
the equations described above. 


When the Decomposition Rate of 
Complex Ion is Very Rapid 


In the first place, if the rate of the decom- 
position of the complex ion at the electrode 
surface is very rapid in comparison with the 
rate of the diffusion of the ion, then the 
following conditions, 

K'c.c < ky! and Ko.r < k,! 


are setfled. By con- 
sidering these condi- 
tions, Eqs. (14) and 
(14') are reduced to 


[Acoo]° —[E] [Ac-2]* 


1 1 1 
[Ki] + K' co K'e.r 


[E}"[Aco]°—[Ac.r]° 


(11) 


I/ae= (15) 


. (15) 


[x,E.] K' cer RK CO 


Now, two further cases, (A) the case when 
the diffusion process is rate-determing, and (B) 
the case when the process which contains the 
transfer of the electron between the electrode 
and the ion (activation process) is rate-deter- 
mining, will be discussed. 


(A) Diffusion-controlled Case 


The diffusion-controlled case will be defined 
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as a case when the conditions, [«:2i] > K'c.o 
and [«,E,] >K':.r, are satisfied in the potential 
region where [«,E,] is nearly equal to [«,EZ,]. 
Under these conditions the relation between 
the current and the electrode potential takes 
the forms: 


[ Ac.o]° —[E] [Ac-r]° / 


(16) 
1 +{E] 2 


Cw *R 


[Ae.o]°— 


dé K'c.o 


Tiae= 


ry 


17 
I z (17) 
n: + [Ac.r] 
ack CR 

in the region where [«,E,] is nearly equal to 
[x,E.]. 

Furthermore, as [«:Ei] becomes much larger 
than [«,F.], the current is represented by 


I = aeK'c.0[ Ac.ol® = aeKe.0[Ce.o]° = (La)eo, 
(18) 


on the other hand, when [«:/,] is smaller than 
[x,E.], 


I =e acK'c.r|[ Ac.r ] °=— aeKeo.r{ Cer] ° 
=(La)e-r - (19) 


These relations correspond to the limiting cur- 
rents controlled by the diffusion process. 
From Eqs. (17), (18) and (19) the following 
equation is derived: 
[E] = K'c.r (Ia)eo— I 
= —_ 
K'c.ol fase (Ia)o-r 
which is quite the same as obtained from the 
Nernst’s formula for the reversible wave. 
The detailed discussion on the half-wave 


potential and the other properties of the wave 
has been set down by J.J. Lingane.‘ 


(20) 


(B) Activation-controlled Case 


The activation-controlled case will be defined 
as a case when the conditions, [«:4£1] <K"¢.o 
and [#21] <K'¢.r, are satisfied in the potential 
region where [1H] is nearly equal to [«,Z,]. 
However, on the current-voltage curve, there 
may be a region in which the relation, [«:2] 
>[«,E.] or [Ki Ei] <[«,E,], is satisfied, where 
the condition, [«iE,] <K' co or [«iF;] < K' or 
is not necessarily fulfilled. To analyse, there- 
fore, the current-voltage curve, it must be 
divided into the following three parts according 
to the value of the electrode potential. 

(I) [«&i]J=[«,E£,].—In this case when, 
according to the above definition, [«:.21] <K’'s.o, 
Eq. (15) is reduced to the form, 


I /ae =[«1F1] [Ac-o]° —[#,H,][Acer]°. (21) 


From this equation, the condition for the point 
where the current is zero, is obtained as follows: 
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[ Ac-o]° 


[Acer] ° 


Eq. (21) means that the current in this part 
is fully defined by the rates of the activated 
reaction. 

(II) [«,4,]>[«,E,].—In this part, the term 
[E] becomes vanishingly small (and can be 
As for con- 
into two 


[E}r—0 = 


(22) 


regarded as nearly equal to zero). 
venience, this part is sub-divided 
cases. 


(a) [«,£,] = K'c.w.. — Here, the equation 


which represents the current-voltage curve is 


[Ag-o]° 
el 4 1 
[11] K'e.9 


I/ae= (23) 


r! 
K'c.o I (Oo 


K1E,| = (24 
I ; uJ aeK"g.0[ Aco]° —I 


From these equations it is obvious that the 
properties of the wave of this part are independ- 
ent of the reverse reaction. 

(b) [121] Ke.o'.—In this case the condi- 
tion for the limiting current is obtained, i.e., 


| aerKc.o[Ce.0]°= (Ia)c.o- (18) 


These equations, which are formally the same 
with those obtained for the oxidation-reduction 
of the simple metal ion‘, show the fact that 
the part (II) corresponds to the reduction wave 
with the characteristics of the “ irreversible ” 
one, 

Introducing the condition 
current into Eq. (24), the 
obtained, 


for the limiting 
next formula is 


(25) 


[mE] = K'c.0 . 
(Iaje.o — I 
or by solving this equation regarding the elec- 
trode potential, V, we obtain 


Y= RT (ine. kT 4-InT’ —In K'c.) 
aak h 


Z I AF, 
‘ rae ? 
(Iajc.oo—-I aaF 
(26) 
where I” represents the dissociation constant 
of the oxidized complex ion and is equal to 
ki/ky 
For the half-wave potential, the relations 
(or 


[1E;] ac.0 = K'c.0 (27) 


° 


RT kT 
In-s— +1nI—nR' cx 
aa 5 h + Vs co) 


and 
Vidaco = 


SF, 


RT 
_ In[Ay] — 28 
P aF n[Ax] “ark (28) 
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are obtained. Therefore, if @ and the ionic 
strength of the solution are constant, the half- 
wave potential is the characteristic constant 
for each complex ion and is independent of 
the activity of the ion. 

From Eq. (28) it can be said that the rela- 
tion between [V]cra¢,9 and the activity of the 


complex-forming substance [Ax] is a straight 
line, the tangent of which is px 0.059/aq@ volt 
at 25°. Hence, by determining the tangent of 
this relation and the values of a and a, the 
coordination number of this complex ion, p, 
will be calculated. 

It must be noted, that if the net 
process is diffusion-controtléd the tangent of 
the above relation is (p—q) x 0.059/a volt, while 
the tangent of the activation-controlled one is 
px0.059/aa@ volt and is independent of gq. 

Moreover, it is concluded from Eq. (25) that 
the relation between V and logI/(I,—I) is a 
straight line whose tangent is 0.059/aa@_ volt 
(25°), if O71, p, @ and [Ay] remain constant. 
This means that the current-voltage curve is 
about the half-wave potential. 
The value of @ can be obtained from the 
measurement of the tangent of the above 
relation, if the value of @ is known. 

Quite the same discussion as described above 
can be applies to the case, [«iF'1] <[«,E,.], and 
it can be shown that this part corresponds to 
the oxidation wave. In the following, only the 
results are cited. 


(111) 


(a) [x.E,] = K'e.r 


electrode 


symmetrical 


[xi£1] <[«.K,]. 


T/ae = — [Aer] (29) 
1 ] 
K'e.r [x,F,, | 
and 
re 
4 — K'c.r I : 
[x,E,] = (30) 


aeK'c.r| Ac.rl° —I 
(b) [«.H#.]>K'c.r 


[ =- (Iue.r (19) 


atKe.r[Co.r]°= 


From the above equations it is obvious that 
the ‘oxidation wave is quite independent of the 
forward reaction. ; 

All the consideration mentioned above about 
the activation-controlled case has been made, 
being based on the definitions, (1) A’c.o < ky’ 
and K’e.r <k,! and (2) [miFi]<K'c.o and 
[«i£i] < K'c.r when [417i] =[«2E.], for which 
some discussions will be carried out. In the 
first place, the relation (1) shows that the 
decomposition rate of the complex ion is much 
larger than the rate of the diffusion of the ion. 
In this case, the limiting current will be the 
same as the diffusion current, and will be 
represented by the Ilkovié equation. In the 
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second place, the relation (2) means that the 
rate of the activation process is much smaller 
gthan the rate of the diffusion of the ion at the 
électrode potential where the rate constants of 
the forward and reverse processes are nearly 
According to Eq. (18), [ai] is 
This means that 


the same. 
represented by hi1'«1:E,/k,.’. 
the over-all rate constant of the reduction 
accelerated by ki’ and «,F1 but 
KiE, is the rate 


process is 
retarded by the term k.!. 
constant of the reaction corresponding to the 
transfer of the electron between the ion and 
the electrode, and generally, it is regarded as 
to be very rapid. Moreover, by the condition 
(1) ki’ is much larger than K'¢.0, then k,' must 
be much larger than ki’ and «14; in order to 
fulfill the relation (2) This behavior will 
be satisfied when the relating complex ion is 
very stable in the solution, and it can be said 
that the more stable the complex ion, the larger 
the irreversibility is (and that it is reduced 
more difficultly) as far as the electrode process 
is carried out according to the mechanism 


mentioned above. 


When the Decomposition Rate is Slower 
than that of the Diffusion 


In this case when Kleo > ki’ and KX'er> 
k,', the general equations, Eqs. (14) and (14’) 


assume the forms respectively, 


Thee [Ac.o]° — [E] [Ac.n]° 81) 
: oe +[E] 
[xik1] ky’ k,' 
_ UE bead [dcwn)” isan 
= = of —~ + [BE]! — 
[xk | v4 w1 


If we compare these equations with Eqs. (15) 
and (15’), it is easily seen that the only dif- 
ference between them is the fact that 4'¢.o and 
K'c.r in (15) and (15’) are replaced by ki’ and 
k,', respectively. Therefore, for the present 
‘ase, the completely analogous consideration 
can be made as discussed above, if both ki’ and 
k,' are the constants independent of the elec- 
trode potential. So that only the results ob- 
tained in the next section. 


(A) Decompositior-controlled Case 


This case obviouly corresponds to the diffu- 
sion-controlled case in the previous section. 
Hence, the equation for the current-voltage 
curve in the region where [«1£;] is nearly equal 
to [«,E,] is represented by 


[ col” [E} [2 Cc 1° ‘ 

Fide i [A “| [E]| rae (32) 
= + [E] " 
ky ky 


and the limiting currents are 
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I = aeky' [Ac.o]° = (Ux)e.o 
I=- aek,! [Ac.r]° = (Ii)o.r 


(33) 
(84) 
for the reduction and oxidation waves, respec- 


tively. 


(B) Activation-controlled Case 


From Eqs. (19)~(80) the following relations 
can be obtained directly by introducing ki’ and 
k,! in place of K'e.o and K'e.r. 


(I) [«Bi] = [#223] 

IT /ae = [#iE;][Ac.o]° — [«2E,] [Ac.r]° 
(II) [«:#1] > [«,E.] 

(a) [1B] = ky’ 


(35) 


I jaz = [Aol 
oe 
ky!” [Es] 


[a1E1] > kr! 

I = aeky' [Ac.o]° = (Ix)c.0 
[«1E,] < [«E,] 
[,H.|]= k,! 


_—lAor)” 
1 + 1 
k,! [«,E,] 
(b) [«,H.]> k,’ 
I=-— aek,! [Ac.r]° => (Ino.r (34) 


According to the consequences obtained above 
it is said that, when the decomposition-rate of 
the complex ion is slower than the rate of the 
diffusion, the limiting current is defined by the 
rate of the decomposition of the ion at the 
electrode surface and it is necessarily smaller 
than the limiting current which is defined by 
the diffusion process. This limiting current 
caused by the kinetic term probably corre- 
sponds to the “kinetic current” mentioned by 
Brdicka and others.“ 

The kinetic current can be distinguished from 

(5) .R. Brditka, Collection Czechoslov. Chem. 


Communs., 12, 212 (1947); J. Koutecky and R. 
Brdiéka, ibid., 12, 337 (1947). 


I /ae =— 
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the diffusion current by its dependence on the 
temperature change and the geometrical char- 
acteristics of the dropping mercury electrode 
and so on. 


Summary 


The fundamental equations for the current- 
voltage curve of the complex ion, especially 
for the irreversible type, .have been derived 
under the assumption that the over-all oxj- 
dation-reduction proccess at the electrode sur- 
face follows the mechanism represented by (1) 
~(4). Moreover, the two cases, of which one 
is based on the assumption that the decom- 
position-rate is much larger than the rate of 
the diffusion, and the other corresponds to the 
case when the relation between the two rates 
is reverse, have been discussed and it has been 
pointed that the limiting current of the former 
is the same as the diffusion current, but the 
limiting current of the latter corresponds to the 
kinetic current. It has been concluded that, 
if the electrode process is activation-controlled, 
the wave which has many properties of the 
irreversible one appears. The meaning of the 
half-wave potential of such a wave has been 
analyzed, and from the results it has been 
found that the value of the half-wave potential 
would be the parameter for the degree of dif- 
ficulty of the oxidation-reduction process of 


the complex ion, even if the corresponding 


wave is irreversible. It should be noted here, 
that all the discussion cited above rests on the 
fact that the complex-forming substance exists 
in a sufficient quantity. 

It is likely that the treatment for the oxi- 
dation-reduction reaction of the complex ion 
is essentially the same as for the discussion 
about the organic compounds. 
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